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ABSTRACT
The therm odynam ic p r o p e r t i e s  o f  a  system  a r e  im­
p o r t a n t  i n  th e  a n a ly s e s  and c a lc u l a t i o n s  o f  chem ica l p ro ­
c e s s e s . R e la t io n s h ip s  d e r iv e d  th e rm o d y n am ica lly  s t a r t  from 
a  r ig o ro u s  b a s i s ,  and  a s  a  consequence, may r e p r e s e n t  an 
a c tu a l  s i t u a t i o n  more c lo s e ly .  Among th e  more im p o r ta n t 
therm odynam ic p r o p e r t i e s  a r e  th o s e  o f  s o lu t io n s .  A conve­
n i e n t  m ethod o f  o b ta in in g  u s e f u l  in fo rm a tio n  ab o u t s o lu ­
t i o n s  i s  to  a n a ly z e  th e  e x p e r im e n ta l d a ta  o b ta in e d  from  
c a lo r im e t r i c ,  v o lu m e tr ic ,  and v ap o r p r e s s u r e  m easurem ents.
A u n iq u e  c a lo r im e te r  b ased  on th e  p r i n c i p l e  o f  therm o- 
g ra m e try  was d ev e lo p ed . The c a lo r im e te r  i n t e r i o r  was f r e e  
from  u n n e c e s s a ry  d e v ic e s  w hich cau se  h e a t  e f f e c t s  w hich a r e  
n o t  r e a d i l y  o b se rv ed . I t  had  a  f i f t y - t h r e e  ju n c t io n  therm o­
p i l e  w hich se rv e d  a s  an  e x tre m e ly  s e n s i t i v e  te m p e ra tu re  
d e te c to r .  Yapor sp a ce  was e l im in a te d  to  e l im in a te  v a p o r iz a ­
t i o n  -  c o n d e n sa tio n  e r r o r .  H e a ts -o f-m ix in g  were o b ta in e d  f o r  
b in a ry  sy stem s in c lu d in g  e th a n o l-w a te r ,  a c e to n e -w a te r , e th a -
Q
n o l- a c e to n e  a t  50 C; and m e th a n o l-w a te r , m e th an o l-b en zen e  
a t  v a r io u s  te m p e ra tu re s  betw een  25° and 60°0 c o v e r in g  th e  
e n t i r e  c o n c e n tr a t io n  ran g e . The e f f e c t  o f  te m p e ra tu re  on 
a c t i v i t y  c o e f f i c i e n t s  was th e n  c a lc u la te d .
The h e a ts -o f -m ix in g  f o r  system s e th a n o l-w a te r  and 
a c e to n e -w a te r  were combined w ith  e x i s t i n g  v ap o r p r e s s u r e
v i
d a ta  to  o b ta in  p a r t i a l  m o lar q u a n t i t i e s .  A lso th e  e n tro p y  
changes upon m ix ing  w ere c a lc u la te d .
A r ig o ro u s  m ethod was d ev e lo p ed  to  o b ta in  th e  abso­
l u t e  v a lu e s  o f  v a r io u s  en e rg y  f u n c t io n s  o f  p u re  com ponents. 
The r e s u l t s  f o r  w a te r  a r e  G,H10 2oac~ ^518 c a l/g -m o le ,
A°k1o1io°c= 1516 c a l/g -m o le , Hji0<10.c = 4865 c a l/g -m o le , 
e hlo(10«c = 4863 c a l/g -m o le . A lso  G£HfoM 20oc= 522 c a l/g -m o le , 
and Gr° J -  260 c a l/g -m o le . The n u m e ric a l v a lu e s  a r ecrijtocHj, 3o c ' 43
re g a rd e d  a s  th e rm a l e n e rg ie s  and do n o t  in c lu d e  atom ic, 
o r  n u c le a r  e n e rg ie s .
v i i
INTRODUCTION
The s u c c e s s fu l  a p p l i c a t io n  o f  v a r io u s  e q u i l ib r iu m  
s ta g e s  in . chem ica l p ro c e s s e s  depend upon th e  know ledge o f  
v ap o r l i q u i d  e q u i l i b r i a  o f  th e  m ix tu re  en c o u n te red . Most, 
i n v e s t i g a t i o n s  on v a p o r - l iq u id  e q u i l i b r i a  a r e  made a t  
en v iro n m e n ta l c o n d i t io n s .  O r d in a r i ly  a c t i v i t y  c o e f f i ­
c i e n t s  a r e  m easured  and r e p o r te d  a t  l a b o r a to r y  c o n d i t io n s .  
O ften  i t  i s  d e s i r e d  t o  u se  th e s e  d a ta  a t  o th e r  te m p e ra tu re s  
and a  m ethod o f  c o r r e c t in g  f o r  te m p e ra tu re  i s  needed . 
Thermodynamic e q u a tio n s  r e l a t i n g  th e  r a t e  o f  change i n  th e  
a c t i v i t y  c o e f f i c i e n t  w ith  te m p e ra tu re  to  h e a t s  o f  s o lu t io n  
and d e n s i ty  o f  s o lu t io n  a r e  w e ll  known. U n fo r tu n a te ly  
d a ta  on h e a t s  o f  s o lu t io n  w hich  a r e  good enough f o r  t h i s  
p u rp o se  a r e  v e ry  s c a rc e .  T h e re fo re , th e  developm ent o f  
a  s im p le  c a lo r im e te r  f o r  th e  r a p id  and p r e c i s e  m easurem ent 
o f  h e a t-o f -m ix in g  i s  v e ry  e s s e n t i a l .
T h is  r e s e a r c h  i s  p a r t  o f  a  p r o j e c t  in v o lv in g  th e  
p r e d ic t io n  o f  therm odynam ic and t r a n s p o r t  p r o p e r t i e s  o f  
m ix tu re s . A c a lo r im e te r  was d ev e lo p ed  and o p e ra te d  w ith  
v a r io u s  b in a ry  l i q u i d  sy stem s. The d a ta  c o l le c te d  showed 
re a s o n a b le  ag reem en t w ith  l i t e r a t u r e  v a lu e s  and w ere u sed  
in  g r a p h ic a l  i n t e g r a t i o n  to  p r e d i c t  th e  te m p e ra tu re  e f f e c t  
on a c t i v i t y  c o e f f i c i e n t s .
v i i i
In  C h ap ter I ,  some therm odynam ic r e l a t i o n s  a r e  
rev iew ed  b r i e f l y .  S p e c i f i c a l l y  th e  co n c ep t o f  p a r t i a l  
m o la r q u a n t i t i e s  i s  im p o r ta n t i n  i n t e r p r e t i n g  phenomena 
in  n o n - id e a l  s o lu t io n s .  In  C h ap te r I I ,  c l a s s i f i c a t i o n  
o f  n o n - id e a l  s o lu t io n s  i s  in tro d u c e d . The in te rm o le c u la r  
f o r c e s  p la y s  an im p o r ta n t r o l e  i n  c a u s in g  th e  d e p a r tu re  
from i d e a l i t y  i n  a c tu a l  s o lu t io n s .  C h ap te r  I I I  re v ie w s  
th e  m easurem ents and a p p l i c a t io n s  o f  h e a t s  o f  m ix ing . 
C h ap te r IV d e s c r ib e s  a  new c a lo r im e te r  and th e  p ro c e d u re  
o f  ex p e rim en t, and a l s o  shows e x p e rim e n ta l r e s u l t s .
C h ap te r  V d e v e lo p s  a  m ethod to  c a l c u l a t e  th e  a b s o lu te  
v a lu e s  o f  f o u r  en e rg y  p r o p e r t i e s .  The e q u a tio n s  u sed  a r e  
r ig o ro u s  w ith o u t an y  a ssu m p tio n s . P o s s ib le  e r r o r s  a r e  
from e x p e r im e n ta l m easurem ents. C h ap te r VI d is c u s s e s  some 
p o s s ib le  e x te n s io n  o f  p r e s e n t  p r o j e c t .
ix
CHAPTER I  
REVIEW ON PROPERTIES OP SOLUTIONS
P a r t i a l  M olar P r o p e r t i e s . A s o lu t io n  i s  a .s y s te m  
c o n s i s t in g  o f  more th a n  one com ponent in  a  s in g le  homoge­
n e o u s  p h a se . I n  t h i s  s e n se , g a seo u s  m ix tu re s  a r e  s o lu ­
t i o n s ,  w h ereas l i q u i d  o r  s o l i d  m ix tu re s  m ust he i n  a  com­
p l e t e  hom ogeneity  to  he d e s c r ib e d  a s  s o lu t io n s .  A lthough, 
s o lu t io n s  e x h i b i t  w ide v a r i e t y  o f  b e h a v io r , r ig o r o u s  
therm odynam ic p r i n c i p l e s  d ev e lo p ed  f o r  p u re  s u b s ta n c e s  
may a ls o  a p p ly  to  s o lu t io n s  w hich  may c o n ta in  s e v e ra l  
s p e c ie s  p ro v id e d  th e  f u n c t io n a l  r e l a t i o n s  a r e  m o d if ie d  to  
a c c o u n t f o r  th e  v a r i a t i o n s  in  co m p o s itio n . U su a lly  th e  
p r o p e r t i e s  o f  a  s o lu t io n  a r e  n o t  a d d i t iv e  p r o p e r t i e s  o f  
th e  p u re  com ponents. The a c tu a l  c o n t r ib u t io n  i s  r e p r e ­
s e n te d  i n  te rm s  o f  p a r t i a l  m o la r p r o p e r t i e s .
P o r an y  component, i  i n  a  s o lu t io n ,  th e  p a r t i a l
j
m o la r  q u a n t i ty  o f  an e x te n s iv e  p r o p e r ty  E i s  d e f in e d  by
^ i B ( T n r ) T , ;p ,n j  » ( 1 -1  )
w here j  d e s ig n a te s  a l l  com ponents o th e r  th a n  i ,  and th e  
s u p e r s c r i p t  b a r  i n d i c a t e s  p a r t i a l  m o la r q u a n t i ty . ,  Por 
exam ple, i n  th e  c a se  o f  th e  p a r t i a l  m o la r volum e and th e  
p a r t i a l  m o la r e n th a lp y ,
1
' ' 3
Since, th e  p a r t i a l  m o la r  q u a n t i t i e s  r e p r e s e n t  th e  t r u e  
c o n t r ib u t io n  to  any e x te n s iv e  p r o p e r ty  o f  a  s o lu t io n ,  
i t  fo llo w s  t h a t
V = . ( 1 - 4 )
T h is  im p l ie s  t h a t
U = ,  ( 1 - 5 )
H'= Z n ±E± , ( 1 - 6 )
V ' - Z n ^  , ( 1 - 7 )
S = 51ni Si  , ( 1 - 8 )
A = Z  n J ^  , (1 -9  )
G = Z n i Gi  . ( 1 -1 0 )
A nalogous to  th e  f u n c t io n a l  r e l a t i o n s  o f  p u re  s u b s ta n c e s , 
th e  p a r t i a l  m o la r en e rg y  f u n c t io n s  a r e  d e f in e d  ass
♦ ( 1 -1 2  )
( 1 - 1 3 )
Chem ical P o t e n t i a l s . The ch em ica l p o t e n t i a l  i s
re g a rd e d  a s  a  ch em ica l d r iv in g , te n d e n c y  u s e f u l  to  d e s c r ib e  
e q u ilib r iu m , phenomena. J u s t  a s  a  d i f f e r e n c e  i n  v o l ta g e s  
c a u s e s  e l e c t r i c i t y  to  f lo w , a  d i f f e r e n c e ,  o f  ch em ica l 
p o t e n t i a l  may p ro v id e  a  d r iv in g  f o r c e  t o  ca u se  a  ch em ica l
lib r iu m , c o n d i t io n  e x i s t s  o n ly  when th e r e  i s  no d i f f e r e n c e  
i n  ch em ica l p o t e n t i a l s .  I t  i s  an  in t e n s iv e  p r o p e r ty  
in tro d u c e d  by  W illa rd  G ibbs and may b e  e x p re sse d  ass
A lthough  th e  ch em ica l p o t e n t i a l  o f  a  com ponent i s  e q u a l 
to  th e  p a r t i a l  m o la r f r e e  en e rg y , th e  o th e r  p a r t i a l  d e r i ­
v a t iv e s  in  e q u a tio n  1—14 a r e  n o t  p a r t i a l  m o la r q u a n t i t i e s ,  
s in c e  th e y  a r e  n o t  r e s t r i c t e d  to  c o n s ta n t  te m p e ra tu re  
and p r e s s u r e .
W ith the . a i d  o f  th e  co n c ep t o f  ch em ica l p o t e n t i a l ,  
th e  t o t a l  d e r i v a t i v e s  o f  fo u r  im p o r ta n t en e rg y  f u n c t io n s
r e a c t io n  t o  o c c u r  o r  a  m ass t r a n s f e r  to  p ro c e e d . E q u i-
r j  A ' ( 1 -1 4 )
f o r  a  s o lu t io n  w ith  v a r i a b le  c o m p o s itio n s  may now be 
e x p re sse d  i n  a  s e t  o f  e q u a tio n s  a s ;
dU = TdS .- Pd? + Z//i dni  , ( X-15)
dG = -SdT + YdP + Z yU± dn± , (1-16)
dH = TdS + V d P / + , (1-17)
dA = -SdT -  PdV + z  /^i dni (1-18)
P u g a o i t i e s . The term  " fu g a c ity * 1 was in tro d u c e d
- 1 •
by Lew is and R a n d a ll , o r i g i n a l l y  to  d e f in e  th e  f r e e  en e rg y  
o f  a  n o n - id e a l  g a s  a s
Gt = RT I n  f  + C , (1 -1 9  )
w here C i s  a  c o n s ta n t  d ep en d en t o n ly  on th e  te m p e ra tu re .
By t h i s  d e f i n i t i o n  th e  f u g a c i ty  i s  r e l a t e d  to  th e  p r e s s u r e  
by  ^
f = $ P  , ( 1 -2 0 )
where $ i s  known a s  f u g a c i ty  c o e f f i c i e n t  and f o r  a  p e r f e c t  
g a s , $ = 1 , 0 ,  I n  t h i s  se n se  one may c o n s id e r  th e  f u g a c i ty  
a s  hav ing , a  g e n e r l iz e d  c h a r a c t e r i s t i c  o f  p r e s s u r e .  However,
1 . L ew is, G-.N. and M. R a n d a ll . Thermodynamics 
and th e  F re e  Energy o f  Chem ical S u b s ta n c e s ,  New York; 
McG-raw H i l l ,  1923.
a  more com ple te  d e f i n i t i o n  o f  f u g a c i ty  w ith  r e g a rd  to  a  g a s  
i s
j u l -  RT In f -f , (1-21)
l im f / J ?  = 1 .0  . ( 1 -2 2 )
P -*0
The q u a n t i ty  y ^ ° (T )  i s  c a l l e d  th e  s ta n d a rd  chem ica l p o t e n t i a l  
o f  a  p u re  com ponent and i s  a  f u n c t io n  o f  te m p e ra tu re  o n ly .
F or any component i  o f  a  s o lu t io n ,  th e  d e f i n i t i o n  o f  fu g a­
c i t y  becom es
j , -  / -Afc— \
i  “ * d n ± Ar, P, n  ̂
= RT In  f ± + /< * (T ,P ) , ( 1 -2 3 )
lim  f . / d L P - )  *  1 .0  , ( 1 -2 4 )
P-* 0
and yU *(n , P )  i s  a  f u n c t io n  b o th  o f  te m p e ra tu re  and 
2p re ssu re ^ *
T, BothyUj_ a n d a r e  s ta n d a rd  ch em ica l p o t e n t i a l s .  
The fo rm er depends on th e  te m p e ra tu re  o n ly  w hereas th e  
l a t t e r  dep en d s on b o th  te m p e ra tu re  and p r e s s u r e .  The 
c h o ic e  o f  th e  s u p e r s c r ip t  o o r  * depends on th e  c h o ic e  o f  
s ta n d a rd  system , o r e f e r s  to  a  p u re  com ponent a t  tem pera­
t u r e  T and 1 atm . p r e s s u r e .  * r e f e r s  to  a  p u re  component 
a t  th e  te m p e ra tu re  and  th e  p r e s s u r e  o f  th e  system .
When th e  l i q u i d  and th e  v a p o r  o f  a  s o lu t io n  a r e  in  
e q u i l ib r iu m  a t  c o n s ta n t  te m p e ra tu re  and p r e s s u r e ,  e q u a tio n  
1 -16  im p l ie s  t h a t  th e  ch em ica l p o t e n t i a l s  o f  each component 
in  b o th  p h a s e s  a r e  eq u a l and
Thermodynamic C l a s s i f i  c a t io n  o f  S o lu t io n s .
S o lu t io n s  a r e  i n  g e n e ra l  c l a s s i f i e d  i n to  i d e a l  s o lu t io n s  
and n o n - id e a l  s o lu t io n s .  T h is  i s  m ere ly  b ased  on e m p ir ic a l  
o b s e rv a t io n s  and th e  c o n v e n ien c e  o f  s e t t i n g  up t h e i r  p e r ­
t in e n t .  m a th e m a tic a l m odels. A c tu a l ly  th e  c h a r a c t e r i s t i c s  
o f  s o lu t io n s  do n o t  b e lo n g  to  any  p a r t i c u l a r  c l a s s i f i c a t i o n  
due t o  th e  i n t e r a c t i o n s  o f  m o le c u la r  f o r c e s .  N e v e r th e le s s , 
by  means o f  t h i s  b ro ad  c l a s s i f i c a t i o n ,  e x p e r im e n ta l d a ta  
a r e  m ore e a s i l y  an a ly ze d  and a p p l ie d  f o r  d e s ig n  c a lc u la t io n s .  
N o n -id e a l l i q u i d  s o lu t io n s  a r e  f u r t h e r  su b d iv id e d  in to  
a th e rm a l, r e g u la r ,  a s s o c ia te d ,  and s o lv a te d  s o lu t io n s .
( 1 -2 5 )
th e r e f o r e
( 1 -2 6 )
I d e a l  S o lu t io n s . An id e a l  s o lu t io n  i s  in  g e n e ra l
d e f in e d  by
y U ± =  y U j(T ,P )  + RT I n  x± (1 -2 7 )
f o r  a l l  com ponents o f  th e  m ix tu re . At t h i s  p o in t  i t  i s  
i n t e r e s t i n g  to  u se  e q u a tio n  1 -27  a s  a  s t a r t i n g  p o in t  to  
d e r iv e  a  few. therm odynam ic p r o p e r t i e s  o f  m ix ing . F i r s t  
r e a r r a n g in g  e q u a tio n  1 -1 6  h o ld in g , te m p e ra tu re  and compo­
s i t i o n  c o n s ta n t ,  we f in d  t h a t
( a T n ± = "  S * (1 -2 8 )
D i f f e r e n t i a t i n g  e q u a tio n  1 -28  w ith  r e s p e c t  to  n^ a t  c o n s ta n t
te m p e ra tu re , p r e s s u r e ,  and n . y i e ld s
J
^  <. _ ( ,
 ̂ P , Uj ~  '  b T  Jp ,n . ~   ̂ 3 n . ;T ,P ,n .
J- J  J J* J
= -  ^  . (1 -2 9  )
Now i n  g e n e ra l ,
( i i j L h  -  1 , V * ; , . .
1 a T Jp ,n  T <■ i T  ' P , n _  T .
A ccord ing  to  th e  d e f i n i t i o n  o f  ch em ica l p o t e n t i a l  and 
G-ibbs f r e e  en e rg y ,
j U . ^ Q r .  = H. -  TS. . ( 1 -3 1 )s  i  i  i  i
S u b s t i tu t e  e q u a tio n s  1-29 and 1 -3 1  in to  e q u a tio n  1 -3 0 ,
we o b ta in
S im ila r ly ,  f o r  a  p u re  com ponent, i t  i s  found t h a t
( 1 - 3 3 )
Now d iv id e  e q u a tio n  1 -2 7  by th e  te m p e ra tu re , and 
d i f f e r e n t i a t e  w ith  r e s p e c t  to  te m p e ra tu re  a t . c o n s ta n t  
p r e s s u r e  and co m p o sitio n  y i e ld s
Comparing e q u a t io n s  1 -3 2  and 1 -3 3  w ith  e q u a tio n  1 -3 4 , we 
o b ta in  th e  i d e n t i t y
Thus, f o r  any component i  i n  an i d e a l  s o lu t io n ,  th e  p a r t i a l  
m olar e n th a lp y  and th e  s p e c i f i c  e n th a lp y  in  th e  p u re  s t a t e  
a t  th e  same te m p e ra tu re  and p r e s s u r e  a r e  e q u a l. T h is  i s  
e q u iv a le n t  to  say  t h a t  th e  h e a t s  o f  m ix ing  f o r  an  id e a l  
s o lu t io n  a r e  ze ro  f o r  th e  e n t i r e  ra n g e  o f  co m p o sitio n . 
M athem ati c a l l y ,
( 1 -3 5 )
a  H = 0 . ( 1 -3 6 )
In  an  an a lo g o u s  p ro c e d u re , i t  i s  e a s i l y  seen  t h a t
, ( 1 -3 7 )
a V = 0 ,  ( 1 -3 8 )
and
k  - i
S in ce
S± = S^ -  R I n  x± . ( 1 -3 9 )
a  U = a h -  P*V ,
and a h = q, a  y = o, it follows that
a U = 0 . ( 1 -4 0 )
Prom e q u a tio n  1-39 th e  e n tro p y  o f  m ix ing  p e r  mole i s  found 
a s
a S = — R Z  x . I n  x . . ( 1 -4 1 )X X
C o n seq u en tly ,
a 5 = a h - M
-  RT Z x ^  In  x . , ( 1 -4 2 )
and
a A = a u  -  T*S
= RT I x .  I n  x± . ( 1 -4 3 )
P h ase  E q u ilib r iu m  o f  I d e a l  S o lu t io n s . P o r vapor- 
l i q u i d  e q u i l ib r iu m  a t  c o n s ta n t, te m p e ra tu re  and p r e s s u r e ,
=  yU® . ( 1 -2 5 )
P o r an  i d e a l  g a s  i n  a  m ix tu re  o f  g a s e s ,  i t  may be shown 
th a t - 5
JJL± =  + RT I n  p ± , ( 1 -4 4 )
w here G^ i s  th e  ch em ica l p o t e n t i a l  o f  th e  p u re  g as  a t  th e
e x i s t i n g  te m p e ra tu re  and 1 atm . p r e s s u r e ,  and p i  i s  th e  
p a r t i a l  p r e s s u r e  o f  i  i n  th e  g a seo u s  m ix tu re . E q u a tin g  
e q u a tio n s  1 -2 7  and 1 -4 4 , we o b ta in
. + RT I n  x± ■ = G^ + RT I n  p ± (1 -4 5 )
n o tin g  t h a t  i s  th e  ch em ica l p o t e n t i a l  o f  p u re  l i q u i d  
i  a t  th e  te m p e ra tu re  and p r e s s u r e  o f  th e  s o lu t io n .  Upon 
re a rra n g e m e n t, e q u a tio n  1 -45  becom es
— = exp ( —— *--------—— )  • ( 1 - 4 6 )
** r  ^ & T  '
0
I n  t h i s  e x p re s s io n , i s  a  f u n c t io n  o f  te m p e ra tu re  o n ly  
and yU * i s  a  f u n c t io n  b o th  o f  te m p e ra tu re  and p r e s s u r e .
3. P r ig o g in e , I .  and  R. D efay . C hem ical Thermo­
dynam ic s . New York: Longmans G reen , 1954.
However, u n d e r o rd in a ry  c o n d i t io n s  i t  may b e  p ro v ed  t h a t
* #th e  e f f e c t ,  o f  p r e s s u r e  on yCL i s  n e g l i g i b l e  and JX  ^ may
be ap p ro x im a ted  a s  a  f u n c t io n  o f  te m p e ra tu re  o n ly . 
C o n seq u en tly  th e  r i g h t  hand s id e  o f  e q u a tio n  1 -46  i s  a  
f u n c t io n  o n ly  o f  te m p e ra tu re  and we. may w r i te
p i / x i  =  Ci ( T )  * (1 “ 4 7 )
When ap p ro ac h e s  u n i ty ,  p ap p ro a c h es  P° w hich i s  th e
i  i
v ap o r p r e s s u r e  o f  p u re  i  a t  T ,P. T h e re fo re  0 . e q u a ls  to
X
P^ . Thus e q u a tio n  1 -47  becomes
p i  = ^ i 5!  -  ( 1 -4 8 )
E q u a tio n  1 -48  i s  th e  R aoult*  s  law . I t  may be a p p l ie d  to
4
id e a l  s o lu t io n s  a t  o rd in a ry  c o n d i t io n s  . When x i  ap p ro a c h es  
z e ro , f o r  a  n o n - id e a l  s o lu t io n ,  p ap p ro a c h es  an  e m p ir ic a l  
c o n s ta n t  k^ and we may w r i te
p i  ~  xi k i  a s  x i  —* 0 • (1 -4 9  )
E q u a tio n  1-49 i s  known a s  th e  H e n ry 's  law , and v a l i d  o n ly  
a t  i n f i n i t e  d i l u t i o n s .
Now a c c o rd in g  to  th e  D alton* s law , th e  p a r t i a l
~ 4. At v e ry  h ig h  p r e s s u r e s ,  e q u a tio n  1-48  may n o t
a p p ly . However, a c c o rd in g  to  Lew is and R a n d a ll , we may 
w r i te  • &QJ m ix tu re  w hich obeys t h i s  e q u a tio n
i s  r e f e r r e d  to  a s  a  " p e r f e c t  s o lu t io n " .
p r e s s u r e  o f  a  g a s  i n  a  m ix tu re  i s  th e  p r e s s u r e  t h a t  i t  
would ex e rt, i f  i t  a lo n e  o ccu p ied  th e  w hole volume o f  th e  
m ix tu re  a t  th e  same te m p e ra tu re ;  and th e  t o t a l  p r e s s u r e  o f  
th e  m ix tu re  i s  th e  sum o f  th e  p a r t i a l  p r e s s u r e  o f  th e  
c o n s t i tu e n t s .  Thus
p, =  y.P . d - 5 0 )
J* X
Eqjuating e q u a tio n s  1 -4 8  and 1 -5 0 , we o b ta in
ZjPi = X±P ,
o r
yi / x i  =  Pi / P  = Ki  '  (1 “ 5 1 )
w here i s  c a l l e d  t h e  p h ase  e q u i l ib r iu m  c o n s ta n t  f o r  
i d e a l  s o lu t io n  a t  low  p r e s s u r e s .
N o n -Id e a l S o lu t io n s . A n o n - id e a l  s o lu t io n  may
be e x p re s se d  by
y u ± + RT l r i ^ i  xi  >
' Y  . —> 1 . 0 a s  x . —*■ 1. 0 , ( 1-52  )
1  1
f o r  each  com ponent o f  th e  m ix tu re . 7 ^  i s  te rm ed  th e  
a c t i v i t y  c o e f f i c i e n t  f i r s t  in tro d u c e d  by  G-. N. le w is .  I t  
i s  u s u a l ly  a  f u n c t io n  o f  te m p e ra tu re , p r e s s u r e ,  and 
co m p o sitio n .
5
B jerrum  and (xuggenheinr d e f in e d  -the n o n - id e a l i ty  
o f  a  s o lu t io n  i n  a  l i t t l e  d i f f e r e n t -  m anner a s
J j  ^ =  JX,  ^ ^  R I In. 2 .̂ ,
d? . — * 1 a s  x ± — > 1 . 0 , (1 -5 3 )i  -L
where $ i s  c a l le d  th e  o sm o tic  c o e f f i c i e n t .  Comparing 
e q u a tio n s  1 -52  and 1 -5 3 , we see  t h a t
^  "Vi
I n  f a c t  $  i s  much, more s e n s i t i v e  to  d e v ia t io n s  from  i d e a l i t y  
th a n  "Y and i s  u sed  e s p e c i a l l y  in  c o n n e c tio n  w ith  d i l u t e  
e l e c t r o l y t e  s o lu t io n s  where.'Y d i f f e r s  from  u n i ty  v e ry  
s l i g h t l y .
E q u a tin g  e q u a tio n s  1 -4 4  and 1 -52  and a f t e r  
re a r ra n g e m e n t, we see  t h a t
. *
^ jLxi  A ~ ' _ KT
Pi  _  c- -  exp ( —  A  % • ( 1 -5 5 )—  -  ^  — exp v, __ ;
i 0S incey« i  and J X ^  a r e  c h a r a c t e r i s t i c s  o f  p u re  com ponents,
5. (ruggen helm . E. A, Thermodynamic s . Amsterdam,
1949.
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Cj_ i s  in d e p e n d e n t o f  co m p o sitio n .
Wow f o r  e q u i l ib r iu m  betw een  v a p o r  and l i q u i d  p h a s e s  
u n d e r c o n s ta n t  0? and P , e q u a t io n  1 -26  t e l l s  u s
. ( 1 - 2 6 )
P o r l i q u i d  p h a se , by  th e  d e f i n i t i o n s  o f  f u g a c i ty  ( e q u a t io n s  
1- 23 , 1- 2 4 ) and n o n - i d e a l i t y  ( e q u a t io n  1 -5 2 ) ,
^  V I  . ( 1 - 5 6 )
A t low p r e s s u r e s ,  i t  may b e  assum ed t h a t  g a s e s  obey th e
i d e a l  g a s  law ; and v a p o r  p h ase  fo rm s i d e a l  s o lu t io n .  Then
f j  = P i  , ( 1 - 5 7 )
and
* i  = P i  =  y±P . ( 1 -5 8 )
By a  s im p le  a lg e b ra ic , m a n ip u la tio n  i t  fo llo w s  t h a t
y .P
* ( W 9 ’1 1
E q u a tio n  1-59 i s  o f t e n  u sed  to  d e te rm in e  n u m e ric a l ^ ' s  
a t  low p r e s s u r e s  by  v ap o r p r e s s u r e  m easurem ents u s in g  
e q u i l ib r iu m  a p p a ra tu s .
The E f f e c t  o f  T em pera tu re  and P re s s u r e  on  A c t i v i ty  
C o e f f i c i e n t s . I f  th e  te c h n iq u e  o f  c r o s s  d i f f e r e n t i a t i o n  
i s  a p p l ie d  to  e q u a tio n  1 -1 6 , two im p o r ta n t  M axw ell-type
r e l a t i o n s  a r e  o b ta in e d . R ew ritin g . e q u a tio n  1 -1 6 ,
dff = -  sdi + rap + rya i  di^ . (1-16)
Prom t h i s  e q u a tio n , two im p o rtan t-  r e c i p r o c i t y  r e l a t i o n s  
may be d e r iv e d  a s
( "  ( i a ± ^ P ,P ,n 3 = “  ®i ’ C1" 6®)
S u b s t i t u t i n g  e q u a tio n  1 -6 0  i n to  e q u a tio n  1 -12  y i e ld s
= %  + 1 ( ^  ,
X J
o r  by  re a r ra n g e m e n t ,
(— )/ 1 \ H,
' P ^ n .  = - ” j r  . ( 1 -6 2 )
Now e q u a t io n  1 -5 2  may be w r i t t e n  a s
1 * 
l n  *  l n  * ± ~  “ r t  ( M ±  “ M ±  ) • ( 1 -6 3 )
By p a r t i a l  d i f f e r e n t i a t i o n  o f  e q u a tio n  1 -6 3  w ith  r e s p e c t  
to  te m p e ra tu re  a t  c o n s ta n t  p r e s s u r e  and co m p o s itio n  and 
w ith  r e s p e c t-  to  p r e s s u r e  a t  c o n s ta n t  te m p e ra tu re  and com­
p o s i t i o n ,  we o b ta in
At. t h e  l im i t i n g  c o n c e n tr a t io n ,  ap p ro a c h es  u n i ty  when 
th e  s o lu t io n  c o n c e n tr a t io n  ap p ro ac h es  t h a t  o f  p u re  compo­
n e n t  i .  Thus, o b s e rv in g  e q u a tio n s  1 -6 4  and  1 -6 5 , we se e  
t h a t
/,*A (C.X. \
'T  y  S -  . (1 -6 6 )— T m»
J 1
and
V * !  _  . ( 1 -6 7 )
a p
T h e re fo re
, b A n ' y .  ^ __ /  }
1 S T  p ^ ‘ v ( J T l P '” 7 (1 -6 8 )
and
t d f p —  \ n  = ( ^
E q u a tio n s  1 -6 8  and 1-69  show th e  dependence o f  th e  a c t i v i t y
c o e f f i c i e n t  on te m p e ra tu re  and  p r e s s u r e  r e s p e c t iv e ly .  F o r 
l i q u i d  s o lu t io n s  a t  low  p r e s s u r e s ,  th e  e f f e c t  o f  p r e s s u r e  
on a c t i v i t y  c o e f f i c i e n t  i s  n e g l ig ib l e .  The dependence on 
te m p e ra tu re  i s  much more s ig n i f i c a n t*  However, f o r  p r a c ­
t i c a l  p u rp o se s  i t  to o  i s  o f te n  n e g le c te d .  To o b ta in  a  
q u a n t i t a t i v e  id e a  o f  t h i s  te m p e ra tu re  e f f e c t ,  i t  may be 
s a id  t h a t  a  v a r i a t i o n  o f  30°Cf, m ig h t c a u se  5$ change i n  
th e  a c t i v i t y  c o e f f i c i e n t  ( see  F ig u re s  11 and 12 i n  C h ap te r
The Gibhs-Duhem E q u a tio n . T here  a r e  v a r io u s  
fo rm s o f  th e  Gibhs-Duhem e q u a tio n  w hich  a r e  o f  p a r t i c u l a r  
v a lu e  i n  t e s t i n g  th e  c o n s is te n c y  o f  e x p e r im e n ta l m easure­
ments. a s  w e ll  a s  m in im iz in g  th e  number and sm oothing th e  
e x p e rim e n ta l d a ta  r e q u i r e d  to  e v a lu a te  t h e  p r o p e r t i e s  o f  
a  system . I n  g e n e ra l  th e  fam ous G ibbs-huhem  e q u a tio n  i s
F o r a  s p e c ia l  c o n d i t io n  o f  c o n s ta n t  te m p e ra tu re  and 
p re s s u re .
E q u a tio n  1 -71  may be e x p re s se d  i n  v a r io u s  fo rm s. F o r a  
b in a r y  s o lu t io n
IV ).
SdT -  VdP + ?  z ^ d =  0 (1 -7 0 )
(1 -7 1 )
( 1 -7 2 )
( 1 -7 4 )
(1 -7 5 )
The Thermodynamic E xcess F u n c tio n s . I n  th e  s tu d y
o f  a c tu a l  s o lu t io n s  th e  d e v ia t io n  from, i d e a l i t y  i s  mea­
sured. i n  te rm s  o f  such  e x c e ss  p r o p e r t i e s  o f  m ix ing  a s  
f r e e  e n e rg y , e n th a lp y , and volum e, e t c .  T h is  p ro v id e s  a  
u s e f u l  b a s i s  f o r  tre a tm e n t, o f  n o r u id e a l  s o lu t io n s .  The 
therm odynam ic e x c e ss  f u n c t io n  i s  th e  d i f f e r e n c e  betw een 
th e  therm odynam ic f u n c t io n  o f  m ixing f o r  an  a c tu a l  system  
and a  h y p o th e t ic a l  i d e a l  system  a t  th e  same te m p e ra tu re , 
p r e s s u r e ,  and  co m p o sitio n . M a th e m a tic a lly , f o r  any p r o p e r ty  
E o f  m ix in g ,
The fo llo w in g  i s  a  sum m erized l i s t  o f  th e  ex c e ss  p r o p e r t i e s  
o f  a  b in a r y  s o lu tio n *
( 1 )  E x cess  G-ibbs f r e e  energy?
E M M
(1 -7 6 )
M M
A (*■ = *  Goc* -  4 <*XA
=  RT ( x1 l ! L y i  + Xg I n  "7g ) ( 1 -7 7 )
E xcess enthalpy:
= -A h m
A HE = -  ).
b T
 •> /  . ,  b Jln'lft b Jb? y* \-  -  r t 1 ( x, a —  + *2 — ;
E xcess e n tro p y :
c e i  C-<»V 
4 S    F t —
-R  (*, A .? ,  + *, A, 7z ) •
E xcess volum e:
• E M  M
* V = *
= * vM - 0
(1 -7 8 )
(1 -7 9 )
( 1 -8 0 )
( 1 -8 1 )
= RT (*• - T ^ -  + ** -i r p r L )  • ( 1 -8 2 )
( 5 )  E xcess in te r n a l  energy?
= *  UM ( 1 -8 3 )
A UE = A HE -  P-aTE
4 ( , ' - r r L t  ^ ^ 3 L )  +
PC*, . J * X  ♦ Xx _ 2 J l £ _ ,]
(.6 ) E xcess h e a t  c a p a c ity ?
A P =  S t -
_  * 4 , 7 ,  + y * 4 , 7 * -
“  - ^ T  (* i  — %=?—  * F t  •
_  O rV x  + X )
^ 1 a j 2 * s T l  '
( 1 -8 4 )
( 1 - 8 5 )
Prom th e  above l i s t  i t  would he p o s s ib l e  to  s tu d y  
a l l  th e  e x c e ss  f u n c t io n s  i n  te rm s  o f  t h e  a c t i v i t y  c o e f f i ­
c i e n t s .  However, i t  would become more d i f f i c u l t  to  mea­
s u re  p r e c i s e l y  th o s e  d e r i v a t i v e s  o f  th e  second o rd e r  and 
h ig h e r  o r d e r s ,  T h e re fo re , e x c e p t  th e  e n tro p y  o f  m ix ing , 
m ost ex c ess  f u n c t io n s  o f  m ix ing  a r e  o b ta in e d  d i r e c t l y  
from  th e  e x p e r im e n ta l m easurem ents.
CHAPTER I I
INTERMOLECULAR FORCES AND CLASSIFICATION 
OF NON-IDEAL SOLUTIONS
In i:e rm o le c u la r  F o rc e s . An i n s i g h t  in to  th e  non­
id e a l  b e h a v io r  o f  r e a l  s o lu t io n s  i s  n o t  a  s im p le  m a tte r .  
T here a r e  i n t e r a c t i o n s  o f  m o le c u la r  f o r c e s ,  o v e r la p p in g  
o f e l e c t r o n i c  c lo u d s , changes i n  m o le c u la r  sh ap es , s t a ­
t i s t i c a l  p r o b a b i l i t y  o f  m o le c u la r  o r i e n t a t i o n s ,  b re a k in g  
o r  fo rm ing  o f  bond- e n e rg ie s ,  and so f o r th .  S tu d ie s  a lo n g  
th e  l i n e  o f  in te r m o le c u la r  f o r c e s  h a s  been  s u c c e s s fu l  
i n  i n t e r p r e t i n g  o b se rv ed  m ac ro sco p ic  m easurem ents. Regu- 
so n a b ly  c o r r e c t  c a l c u l a t i o n s  a r e  o b ta in e d  f o r  th e  c a se  o f  
c o m p le te ly  d is o rd e r e d  m o le c u le s  o f  d i l u t e  g a s  o r  c o m p le te ly  
o rd e re d  c r y s t a l  n e a r  th e  a b s o lu te  ze ro  o f  te m p e ra tu re . 
Between th e s e  e x t r e m i t i e s  e x i s t  v a r io u s  p o s s i b i l i t i e s  and 
th e  m a th e m a tic a l fo rm u la t io n  w i l l  o f te n  in v o lv e , p a ra m e te rs  
w hich can  n o t  be c a lc u l a t e d .  I n  o rd e r  to  h a n d le  a  more 
r e a l i s t i c  s i t u a t i o n  th a n  th e  s im p le  h a rd  sp h e re  c a se , 
s e v e r a l  m odels o f  p o t e n t i a l  f u n c t io n  h a s  been  su g g e s ted  
such  t h a t  each  a p p l ie s  t o  a  s p e c ia l  system, u n d e r  c o n s i­
d e r a t io n .  These f u n c t io n s  o f  p o t e n t i a l  en e rg y  a r e  b ased  
on a  p o s t u l a t i o n  t h a t  th e r e  a r e  in te r m o le c u la r  f o r c e s  o f  
a t t r a c t i o n  and r e p u ls io n  i n  n a tu r e .  The fo rm er v a r i e s  
w ith  d i s t a n c e  f a i r l y  s lo w ly  w h ereas th e  l a t t e r  changes
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r a p i d l y  w ith  d is ta n c e .
T h ere  a r e  th r e e  k in d s  o f  lo n g - ra n g e  in te rm o le c u la r  
f o r c e s ,  m a in ly ,
( 1 )  D ip o le -d ip o le  i n t e r a c t i o n s  T h is  f o r c e  i s  
e l e c t r o s t a t i c  i n  n a tu r e  and i s  th e  s t r o n g e s t  among a l l .  
T here  i s  u n sy m m etrica l d i s t r i b u t i o n  o f  c h a rg e s  i n  an u n -  
sy m m etrica l m o lecu le  th a t ,  a  p erm anen t d ip o le  moment e x i s t s .  
The u n l ik e  c h a rg e s  o f  m o le cu le s  a t t r a c t  each  o th e r  and th e  
e f f e c t ,  depends on t h e i r  r e l a t i v e  o r i e n t a t i o n .  However, 
th e  th e rm a l a g i t a t i o n  i n t e r f e r e s  w ith  th e  m o le c u la r  o r ie n ­
t a t i o n  such  t h a t  th e  a t t r a c t i o n  d e c re a s e s  w ith  in c r e a s e
i n  te m p e ra tu re .
( 2 )  Induced, d ip o le  i n t e r a c t i o n s  When a  n o n -p o la r  
m o lecu le  i s  n e a r  a  p o l a r  m o lecu le , in d u ced  p o l a r i s a t i o n  
ta k e s  p la c e .  The r e s u l t i n g  a t t r a c t i v e  f o r c e s  a r e  w eaker 
and depend upon th e  p o l a r i z a b i l i t i e s  o f  m o le c u le s , ( l )  
and ( 2 )  a r e  som etim es c a l l e d  Van d e r  W aals f o rc e s ,
( 3 )  London d i s p e r s io n  i n t e r a c t i o n s  T h is  f o r c e  i s  
th e  w e a k e s t o f  a l l .  I t  a r i s e s  a s  a  r e s u l t  o f  th e  d i s ­
t o r t i o n  o f  e l e c t r o n i c  o r b i t s  i n  th e  m o le c u le s . I t  i s  
r e l a t e d  to  th e  e le c tro m a g n e t ic  phenomena o f  in d u ced  ab­
s o r p t io n  and e m iss io n  o f  l i g h t  by  th e  m o le cu le s .
The s h o r t  ra n g e  i n t e r a c t i o n  i s  a  r e p u ls iv e  i n t e r a c ­
tio n *  I t  a r i s e s  from  th e  o v e r la p p in g  o f  th e  e l e c t r o n  
c lo u d s  when th e  m o le c u le s  a r e  c lo s e  enough. The f o r c e  i s
h ig h ly  d i r e c t i o n a l  and  f a l l s  o f f  r a p id ly  w ith  d i s ta n c e .
The q u a n t i t a t i v e  s tu d y  o f  m o le c u la r  i n t e r a c t i o n s  
i s  b ro u g h t w ith  many d i f f i c u l t i e s .  S in ce  many ap p ro x im ate  
fo rm u la t io n s  a r e  v a l id  o n ly  when m o le c u le s  a r e  s e p a ra te d  
a t  a. g re a t ,  d is ta n c e ,  a s  i n  a  g a s  w ith  d i s t a n c e  o f  a b o u t 
te n  tim e s  th e  m o le c u la r  d ia m e te r , th e  l i q u i d  s o lu t io n s  
having, m o le c u la r  d i s t a n c e s  o f  ab o u t th e  d im en sio n s  o f  t h e  
m o le c u le s  th e m se lv e s  p r e s e n t  c o m p lic a tio n s  i n  a c c o u n tin g  
f o r  th e  g e o m e tr ic a l  f a c t o r ,  m a in ly  th e  a v e ra g in g  o f  r ’ s  
i n  t h a  p o t e n t i a l  fu n c tio n s .. F o r t h i s  r e a s o n  any  su g g e s ted  
p o t e n t i a l  f u n c t io n  a t  th e  p re s e n t ,  tim e  i s  se m ie m p ir ic a l 
i n  o r ig in ;  th e  th e o ry  g iv e s  t h e  i n t e r a c t i o n  f u n c t io n a l  
form , and t h e  e x p e rim e n ta l d a ta  d e te rm in e s  th e  a d ju s ta b le  
p a ra m e te rs .
When m o lecu le s  a r e  i d e a l i s e d  a s  r i g i d  s p h e re s  and 
n o n -p o la r ,  th e  f o r c e  o f  i n t e r a c t i o n  F i s  w r i t t e n  a s
d$Kr).=
4 ( r )  =
d r
F ( r )  d r  . ( 2- 1 )
The p o t e n t i a l  energy  o f  i n t e r a c t i o n  ( r ) in c lu d e s  r e p u l­
s iv e  and com bined a t t r a c t i v e  f o r c e s .  The e x a c t  f u n c t io n a l
form, o f  $ ( r ) .  i s  n o t  known; how ever, many form s have been 
6 “su g g e s ted  among w hich  a r e  th e  r i g i d  sp h e re  ty p e , p o in t  
c e n te r s  o f  r e p u ls io n ,  sq u a re  w e ll  p o t e n t i a l ,  S u th e r la n d
m odel, L e n n a rd -Jo n es  p o t e n t i a l ,  Buckingham, p o t e n t i a l ,  
r i g i d  e l l i p s o i d s  o f  r e v o lu t io n ,  K ih a ra  p o t e n t i a l ,  Keesom 
p o t e n t i a l ,  S toekm ayer p o t e n t i a l .  Among th e se , th e  L en n a rd - 
Jo n e s  p o t e n t i a l  i s  one o f  t h e  s im p le s t, and u sed  m ost w id e ly . 
I t ,  i s  s im p le  y e t  e x p la in s  q u a l i t a t i v e l y  th e  p i c t u r e  o f  
in te rm o le c u la r  f o r c e s  and q u a n t i t a t i v e l y  re p ro d u c e s  th e  
e x p e rim e n ta l r e s u l t s  u n d er some c o n d i t io n s .  When th e  
L en n a rd -Jo n es  form  i s  found t o  he  in a d e q u a te  th e n  im prove­
ment o r  m o d if ic a t io n  o r  even th e  s u g g e s tio n  o f  a  new form 
may "be made w ith  hy  s tu d y  o f  e x p e r im e n ta l d a ta .  The 
L en n a rd -Jo n es  p o t e n t i a l  h a s  h een  u se d  to  c a l c u l a t e  th e  
h u lk  p r o p e r t i e s  o f  g a s e s  and  l i q u i d s  w ith  b e t t e r  r e s u l t s  
o b ta in e d  f o r  s p h e r ic a l  n o n -p o la r  m o le c u le s . I t  may be 
w r i t t e n  a s
$  (T) = 4  6 ( ( - f - ) ' 1-  )  - (2 -2  )
i n  w hich <r i s  te rm ed  th e  c o l l i s i o n  d ia m e te r  and & i s  a  
c h a r a c t e r i s t i c  en e rg y  o f  i n t e r a c t i o n  betw een  th e  m o le c u le s . 
We see  t h a t  th e  e q u a tio n  shows weak a t t r a c t i o n  a t  l a r g e
s e p a r a t io n s  v a ry in g  w ith  r ~6 and s tro n g , r e p u ls io n  a t  sm a ll
- 12.
s e p a r a t io n s  v a ry in g  w ith  r  . The c h o ic e  o f  th e  ex p o n en ts
H ir s e h f e ld e r ,  J .  0 . ,  C u r t i s ,  C. P. , and R. B. B ird . 
M o lecu la r  T heory  o f  G-ases and  L iq u id s . John  W iley  & Sons, 
New York, 1954.
6 and 12 i s  o p t io n a l ;  th e  c h o ic e  o f  12 a p p e a rs  to  he  a s  
good a s  any  i n  th e  ra n g e  10 - 14 ,  and  12 j u s t  happened to  
he tw ic e  6.  The p a ra m e te rs  cr an d  € a r e  e s tim a te d  from  
e x p e r im e n ta l ■v&scosity and th e rm a l- c o n d u e t iv i ty  d a ta ,  o r
7
from e m p ir ic a l  r e l a t i o n s h i p s  and even from  ap p ro x im a tio n s  . 
When m ix tu re s  a r e  in v o lv e d , v a r io u s  fo rm s o f  th e  m ix tu re  
r u l e  may h e  su g g e s te d . F or th e  s im p le s t, c a se  o f  b in a ry  
n o n -p o la r  m ix tu re s
07a "  ^  ^  ' ( 2 - 3 )
^  12. J  6, £ x ( 2 - 4 )
C l a s s i f i c a t i o n  o f  N o n -Id ea l S o lu t io n s . To r e l a t e  
th e  m o le c u la r  i n t e r a c t i o n s  to  th e  o b se rv e d  p r o p e r t i e s  o f  
m ix ing  i s  one o f  many im p o r ta n t  g p a ls  o f  r e c e n t  r e s e a r c h .  
S u ccess  i n  t h i s  n o t  o n ly  depends on th e  c o r r e c t ,  fo rm u la t io n  
f o r  in te r m o le c u la r  en e rg y  h u t  a l s o  on th e  e s ta b lis h m e n t 
o f  s u i t a b l e  e x p re s s io n  f o r  l i q u i d  s t r u c t u r e .  T here  a r e  
many k in d s  o f  model f o r  l i q u i d s  w hich a r e  d ev e lo p ed  by  th e  
th e o ry  o f  s t a t i s t i c a l  m echan ics. However, j u s t  a s  i n  th e  
s tu d i e s  o f  t u r b u le n t  flow  i n  f l u i d  m ech an ics , th e
7. R e id , R. C. , an d  T. K. Sherwood. The P r o p e r t i e s  
o f  C ases  and  L iq u id s . M e& raw -H ill, New York, 19 66.
m athem atics in v o lv e d  i s  v e ry  c o m p lic a te d  so  t h a t  a f t e r  
s im p lify in g  a ssu m p tio n s  have been made th e  r e s u l t s  a r e  
o f te n  n o t  r e a l i s t i c .  F u r th e r  a  g e n e ra l  th e o ry  o f  l i q u i d  
s t r u c t u r e  i s  s t i l l  i n  t h e  p ro c e s s  o f  developm ent. Thermo­
dynam ic p r o p e r t i e s  such  a s  f r e e  en e rg y  o f  m ix in g , h e a t  o f  
m ix ing , e n tro p y  o f  m ix in g , and volume o f  m ix ing  a r e  o f te n  
u sed  to  t e s t  th e  su g g e s te d  model o f  l i q u i d .  T h e re fo re  i t  
i s  h e lp f u l  to  c l a s s i f y  l i q u i d  m ix tu re s  acco rd in g ; to  th e  
d e p a r tu r e s  o f  m acro sco p ic  m ix ing  p r o p e r t i e s  from  i d e a l i t y .
Q
F o llo w in g  H ild e b ra n d ,!s  c l a s s i f i c a t i o n ,  we may h a v e  r e g u la r ,  
a th e rm a l, a s s o c ia te d  and s o lv a te d  s o lu t io n s .
R e g u la r  S o lu t io n s . These a r e  th o s e  show ing non­
ze ro  h e a t  o f  m ix ing  b u t  th e  ex c e ss  e n tro p y  o f  m ix ing  i s  
z e ro . Thus
a  a  = * h  > ( 2- 5 )
* sE = 0
a  s M = — R i  x^ I n  x^ . ( 2 -6  )
The d e p a r tu r e  from  i d e a l i t y  a r i s e s  from  e n th a lp y  o f  m ix ing  
a lo n e  and th e  i d e a l  e n tro p y  o f  m ix in g  im p l ie s  t h a t  th e
"" H ild e b ra n d , J .  H ., and R. 1 . S c o t t .  The
S o lu b i l i t y  o f  N o n -E le c tro ly te s ., R e in h o ld  P u b lis h in g ,
Hew J o rk , 1950.
s o lu t io n s  a r e  i n  com plete  random ness. T h is  system  i s  
r e p r e s e n te d  hy  b e n z en e -c a rb o n  t e t r a c h l o r i d e  b in a ry  s o lu t io n
E £
showing i d e n t i c a l  A Gr and A H r
A th e rm a l S o lu t io n s . H ere th e  d e v ia t io n  from  
i d e a l i t y  o r i g in a t e s  i n  e n tro p y  e f f e c t s  and th e  h e a t  o f  
m ixing, i s  ze ro  o r  n e g l ig ib l e .  Thus
a G? = -  T A S* , (2 -7 ) .
a HB= 0  » ( 2 - 8 )
I t .  may he shown from a  s t a t i s t i c a l  m ech an ics t h a t  th e  
e x c e ss  e n tro p y  o f  m ix in g  i s  c l o s e ly  r e l a t e d  to  th e  e x c e ss  
volum e and to  th e  change o f  th e  f r e e  volum e o f  th e  s o lu t io n  
w ith  co m p o sitio n . An exam ple o f  t h i s  ty p e  system  i s  b u ty l  
v a le r ia n a te - b e n z e n e  b in a r y  w here T*S AH . The e x c e ss  
e n tro p y  o f  m ixing, may b e  a f f e c t e d  by th e  s i z e  o r  th e  shape 
o f  th e  m o le cu le s  o r  b o th . S o lu t io n s  o f  c h a in  m o le c u le s  
w i th  d i f f e r e n t  c h a in  1 eng th e  s  such  a s  th e  n -h e p ta n e —  
n -h ex ad eea n e  m ix tu re  have th e  e x c e ss  e n tro p y  due to  th e  
d i f f e r e n c e  i n  m o le c u la r  s i z e s .  On th e  o th e r  hand i n  th e  
c a s e  o f  t h e  b e n z e n e -d ip h e n y l system , th e  e n tro p y  e f f e c t  
comes from  th e  d i f f e r e n c e  i n  m o le c u la r  shape . The l a t t e r  
i s  s a id  to  have a . l e s s e r  e f f e c t ,  th a n  th e  fo rm e r and i s  
r e l a t e d  t o  th e  v e ry  d i f f e r e n t  sym m etries, o f  th e  two 
m o le cu le s  so t h a t  th e  r o t a t i o n a l  and  v i b r a t i o n a l  m otion
i s  p ro b a b ly  a l t e r e d  by m ix in g .
A s s o c ia te d  S o lu t io n s . In  th e  r e g u la r  s o lu t io n  
th e  hea t- o f  m ix ing  i s  i n  th e  o rd e r  o f  th e rm a l en e rg y  o f  
600 c a l o r i e s  p e r  gram m ole s o lu t io n .  I n  th e  a s s o c ia te d  
s o lu t io n  th e  m o le cu le s  a r e  a s s o c ia te d  and th e  en e rg y  o f  
a s s o c ia t io n  i s  much g r e a t e r  th a n  th e  th e rm a l en e rg y . F o r 
exam ple, two a c e t i c  a c id  m o le cu le s  amy he a s s o c ia te d  i n  
th e  r e l a t i v e  c o n f ig u r a t io n  o f
/  0 -  H 0 ^
OH 3 — C . 0 — CH .
^  0  H — 0 3
th ro u g h  hydrogen  bond ing . The i n t e r a c t i o n  en e rg y  i s  r e l a ­
t i v e l y  h ig h  and h a s  a  m agn itude o f  8 , 000  c a l o r i e s  p e r  gram 
mole s o lu t io n .  T h is  w i l l  im p ly  t h a t  th e  a s s o c i a t i o n  con­
f i g u r a t i o n  i s  v e ry  s t a b l e .  F u rth e rm o re  t h i s  i n t e r a c t i o n  
c a u se s  t h e  r o t a t i o n a l  and v i b r a t i o n a l  s t a t e s  o f  each  m o lecu le  
to  change i n t o  a  r a t h e r  r e s t r i c t e d  d e g re e  o f  freedom . Thus 
a s s o c i a t i o n  com plexes a r e  o n ly  p o s s ib le  w ith  m o le cu le s  
hav ing , c o n s id e ra b le  e l e c t r i c  c h a rg e s  n e a r  th e  s u r f a c e ,  such 
a s  n i t r i l e s ,  k e to n e s , a lc o h o ls ,  am ines, and w a te r . E x p e ri­
m e n ta l ly  a s s o c ia te d  s o lu t io n s  e x h i b i t  l a r g e  d e v ia t io n s  from  
id e a l  b e h a v io r , and i t  may b e  assumed t h a t  th e  m ajo r p a r t  
o f  th e s e  d e v ia t io n s  a r e  due to  th e  fo rm a tio n  o f  a s s o c ia te d  
com plexes. I f  we n e g l e c t  th e  d e v ia t io n s  from i d e a l i t y  from 
th e  e f f e c t  o f  s i z e s  and sh ap es o f  com plexes and monomers,
a  h y p o th e t ic a l  system  term ed  th e  " i d e a l  a s s o c ia te d  s o lu t io n " ' 
i s  form ed. F o r t h i s  model th e  o b se rv e d  h e a t  o f  m ix ing  
in c lu d e a  th e  h ea t, o f  r e a c t io n  o f  a s s o c ia t io n  o r  d is s o ­
c i a t i o n  and t h a  in te r m o le c u la r  en e rg y  o f  th e  r e s u l t i n g  
monomer-complex m ix tu re . M oreover i t .  may be shown t h a t  
th e  a c t i v i t y  c o e f f i c i e n t s  a r e  in d e p e n d e n t o f  th e  c o m p le x ity  
o f  th e  mode o f  a s s o c i a t i o n  o r  d i s s o c i a t i o n .
CHAPTER I I I  
A LITERATURE R E7IM  ON HEATS OP MIXING 
AND THEIR MEASUREMENTS
H ea ts  o f  M ixing. D ata  from  t h e  m easurem ents o f  
h e a t~ o f-m ix in g  a r e  n o t  o n ly  u s e f u l  i n  th e  d e s ig n  c a lc u ­
l a t i o n s  o f  i n d u s t r i a l  p r o c e s s e s  h u t  a l s o  im p o r ta n t i n  
p ro v id in g  b a s i c  in fo rm a tio n  f o r  th e  a n a ly s i s  o f  therm o­
dynam ic sy stem s. U s u a lly  th e  c a lo r im e t r i c  m easurem ents 
a r e  p e rfo rm e d  u n d er o r d in a r y  c o n d i t io n s  o f  1 atm . and a  
room te m p e ra tu re  o f  25°©. O nly r e c e n t ly ,  due t o  t h e  im prove­
m ent i n  th e  d e s ig n  o f  c a lo r im e te r s ,  m easurem ents a r e  p o s s ib le  
to  c o v e r  a  r a n g e  o f  te m p e ra tu re . T h is  e n a b le s  one to  ex ten d  
th e  o r i g i n a l  a n a ly s i s  i n to  a  b ro a d e r  se n se  w ith  a  b e t t e r  
u n d e rs ta n d in g  o f  th e  i n s i g h t  o f  l i q u i d  s t r u c t u r e .  However, 
i n  a d d i t io n  to  th e  f a c t  t h a t  th e r e  a r e  a v a i l a b l e  o n ly  
l im i t e d  r e l i a b l e  d a ta ,  th e  r e p o r te d  d a ta  w ere  o f te n  o b ta in e d  
by  d i f f e r e n t  m ethods o f  m easurem ent u s in g  d i f f e r e n t  ty p e s  
o f  c a lo r im e te r .  P o r t h i s  re a s o n , i t  i s  im p o r ta n t  to  make 
a  g r e a t e r  e f f o r t  i n  d e v e lo p in g  th e  t h e o r i e s ,  e x p e rim e n ta l 
m ethods, d e s ig n  o f  equ ipm ent, and c o l l e c t i o n  o f  d a ta  r e l a t e d  
to  th e  m easurem ents and a p p l i c a t io n s  o f  h e a t-o f -m ix in g .
In  p r i n c i p l e ,  from  th e  d e te rm in a t io n  o f  G ibbs f r e e  
en e rg y  o f  m ix ing  o v e r  a  ra n g e  o f  te m p e ra tu re s , th e  h e a t - o f -
30
m ix ing  may be c a lc u la te d  by
a (
*H M =  H — -  • ( 3 - 1 )a hr)
However, th e  n u m e ric a l d i f f e r e n t i a t i o n ,  on d a t a  o f  v ap o r 
p r e s s u r e  m easurem ents a r e  o f te n  in a c c u r a te  such  t h a t  th e  
q u a n t i t i e s  o b ta in e d  a r e  seldom , i f  e v e r , o f  com parab le 
a c c u ra c y  to  th o s e  w hich h av e  been  m easured  d i r e c t l y  by  a  
c a lo r im e te r .
I n  th e  ab sen ce  o f  a  c o r r e c t  e x p re s s io n  o f  th e  
in te r m o le c u la r  en e rg y , h e a t s  o f  m ix ing  a r e  u s u a l ly  f i t t e d  
w ith  e m p ir ic a l  r e l a t i o n  i n  th e  form  o f  a  pow er s e r i e s  as^
/i Hrt= x ( l-x : )  ( A + B (l-2 x :)  + C ( l - 2 x ) .+  j (3 -2 .)
R e la t iv e  p a r t i a l  m olar h e a t s ,  & Hi  ( ^  )»
a r e  o b ta in e d  by  n u m e ric a l d i f f e r e n t i a t i o n  o f  ^ H / x ,  a s  a  
f u n c t io n  o f  x , / x 2 d a ta 10 . In  f a c t  a  p l o t  o f  A HM/ x , a s  
a  f u n c t io n  o f  x2 / x ,  i s  v.ery n e a r ly  l i n e a r  o v e r  th e  
co m p o sitio n  ra n g e  w h ile  A HM/ x 2 v s . x , / x z u n d erg o es a
H .
r a p id  change o f  s lo p e ; and c o n v e rs e ly , a  p l o t  o f  4 H / x x
H .
i s  v e r y  n e a r l y  l i n e a r  o v e r  th e  ra n g e  i n  w hich * H / x  , v s .
97 S c a tc b a rd , G-., Ohem. Revs. . 44, 9 (1949 ).
10. G-oates, J .  R. and  R .J . S u l l iv a n .  J .  o f  Phvs. 
Ohem. . 62, 188 ( 1 9 5 8 ).
X i/x , g o es  through, a  maximum. A cc o rd in g ly , th e  v a lu e s  o f  
a a r e  o b ta in e d  from  th e s e  n e a r ly  l i n e a r  p o r t io n s .  The 
r e s u l t s  o f  d i f f e r e n t i a t i o n  i s  check by
a H %  x , a h * + X l - S 2 . ( 5 - 3 )
A l t e r n a te ly  th e  s  a r e  c a lc u l a t e d  from  th e  change o f  
l n l ^  w ith  te m p e ra tu re  a t  a  f ix e d  c o m p o s itio n  u s in g
-  R ^  in  TV / ,  . \
a H ~ ---------- ;—  . ( 5 - 4 )
The te m p e ra tu re  i n t e r v a l s  sh o u ld  r e f l e c t  th e  p ro p e r  r a t e  
o f  change o f  ln 'V -  v s . 1/T  i n  th e  n o n - l in e a r  r e g io n s .
J*
I f  th e  h e a t  o f  m ix ing  in c r e a s e s  a s  th e  te m p e ra tu re  
in c r e a s e s ,  i t  p ro b a b ly  re a c h e s  a  maximum a t  a  c e r t a i n  
te m p e ra tu re , and a t  a . s t i l l  h ig h e r  te m p e ra tu re  l e v e l ,  i t  
w i l l  p ro b a b ly  d e c re a s e s  a s  th e  te m p e ra tu re  i s  in c re a s e d . 
T h is  i s  to  be  ex p ec ted  i f  th e  te m p e ra tu re  c o e f f i c i e n t  o f  
i n t e r a s s o c i a t i o n  betw een  u n l ik e  m o le c u le s  i s  g r e a t e r  th a n  
th e  te m p e ra tu re  c o e f f i c i e n t  o f  i n t r a - a s s o c i a t i o n  o f  l i k e  
m o le c u le s ^ .  I n  a d d i t io n  to  th e  o r d in a r y  h e a t  e f f e c t s  
r e s u l t i n g  from  r e g u la r  m o le c u la r  i n t e r a c t i o n s ,  a s s o c i a t i o n  
g iv e s  r i s e  to  en d o th e rm ic  h e a t s  o f  m ix in g , and d i s s o c i a t i o n  
r e s u l t s  i n  ex o th e rm ic  h e a t s  o f  m ix ing .
E f f e c t  o f  T em pera tu re  on A c t iv i ty  C o e f f ic ie n t s .
I E  B la c k , d . AIOhE J . , 5 , 249 (1959 ).
A know ledge o f  th e  m o la r G ibbs fu n c t io n  G( T, P, x ) a s  a  
f u n c t io n  o f  a b s o lu te  te m p e ra tu re  T, p r e s s u r e  P , and mole 
f r a c t i o n  x i s  r e q u i r e d  f o r  a  co m p le te  therm odynam ic 
d e s c r ip t io n  o f  a  b in a ry  m ix tu re*  The G ibbs fu n c t io n  
G (T ,P * ,x )  can  b e  o b ta in e d  a t  a  s ta n d a rd  low  p r e s s u r e  P*, 
u s u a l ly  a t  1 a tm ., and a t  v a r io u s  te m p e ra tu re , from vapor 
p r e s s u r e  m easurem ents. However, i t  r e q u i r e s  th e  d i f f e r e n ­
t i a t i o n  o f  e x p e rim e n ta l r e s u l t s  le a d in g , t o  a  g r e a t e r  
p o s s i b i l i t y  o f  in c u r r in g  e r r o r s  i n  c a lc u l a t i o n .  I t  i s  
th e r e f o r e  d e s i r a b le  to  o b ta in  th e  e f f e c t ,  o f  te m p e ra tu re  
on th e  G ibbs fu n c t io n  G by  com bining v ap o r p r e s s u r e  m easure­
m ents w ith- c a lo r im e t r i c  m easurem ents o f  h e a t  o f  m ix ing .
The dependence o f  th e  a c t i v i t y  c o e f f i c i e n t s  on 
te m p e ra tu re  i s  r e l a t e d  to  th e  h e a t  o f  m ix ing  b y ^
=  T  • ( M X
In  a d d i t io n ,  "V, r e l a t e d  to  th e  e x c e ss  G ib b s fu n c t io n  
G&(T ,P * ,x )  a t  te m p e ra tu re  T, a  s ta n d a rd  low  p r e s s u r e  P*, 
and mole f r a c t i o n  x by
R T i f l 7 , =  -  * 1 - ^ 3 7  • ( M ) :
T h is  7. a l s o  h a s  an  e m p ir ic a l  r e l a t i o n  w ith  m easured  p a r t i a l
■ - - ■ lS I M cGlashan, M. 1 . ,  and  K. W. Morcom, T ran s , 
P a rad . S o e ., 57, 581 (1 9 6 1 ).
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p r e s s u r e  p, and  v a p o r p r e s s u r e  P, a s  ^
_  0 *  f  r B„ CP -  p,°
A , y , - J ^  f>* ** B T J"1'  ^ - O 1- -> (3 -7 )
w here p , i s  th e  p a r t i a l  p r e s s u r e  o f  com ponent 1 , P.,° i s  
i t s  v a p o r p r e s s u r e  i n  th e  p u re  s t a t e .  V “ i s  th e  m o la r 
volum e o f  p u re  l i q u i d  1 , and  B n i s  th e  second v i r i a l  
c o e f f i c i e n t  o f  g a se o u s  com ponent 1 . I n t e g r a t i o n  o f  
e q u a tio n  3-5  y i e l d s  an i n t e g r a t i o n  c o n s ta n t  ‘K x ) ,  in d e ­
p en d e n t o f  te m p e ra tu re , b u t  r a t h e r  a  f u n c t io n  o f  o n ly  x . 
# ( x )  i s  e v a lu a te d  by  s o lv in g  e q u a tio n s  3 -5  and 3 -7 , The 
I n  7, th u s  o b ta in e d  i s  s u b s t i t u t e d  i n to  e q u a tio n  3 -6 , 
w hich by  i n t e g r a t i o n  g iv e s  te m p e ra tu r e - c o n c e n tr a t io n
B
dependence o f  AGr „
I n c id e n t ly ,  i f  e q u a tio n  3-5  i s  i n t e g r a t e d  betw een  
th e  te m p e ra tu re s  and Tg> th e n
JU y, T
r Tl . , m  „
T,y ^ T ,
By g r a p h ic a l  i n t e g r a t i o n  o f  th e  r ig h t ,  hand s id e  o f  
e q u a tio n  3 -8 , th e  r a t i o  o f  a c t i v i t y  c o e f f i c i e n t s  o f  
com ponent 1 a t  two te m p e ra tu re s  a t  a  f ix e d  co m p o sitio n  
i s  o b ta in e d . I t  i s  c o n v e n ie n t to  s e t  one o f  th e
±T. M ctxlashan, M. L . , and A. G. W illiam son . I r a n  s . 
F a ra d . S o c . , 5.7» 588 (1 9 6 1 ).
te m p e ra tu re  a t  th e  te m p e ra tu re  o f  room, and T, a t  th e  
o th e r  te m p e ra tu re  i s  c a lc u la te d  u s in g  d a ta  from 
c a lo r im e t r i c  m easurem ents.
C o r r e la t io n s  o f  D ata . E x p e rim e n ta l d a ta  a r e  
v e ry  o f t e n  fra g m e n ta ry . They r e q u i r e  i n t e r p r e t a t i o n ,  
i n t e r p o l a t i o n  and  e x t r a p o la t io n ,  s t a t i s t i c a l  t r e a tm e n t ,  
p r e s e n ta t i o n ,  s to r a g e  and so f o r t h .  H ere i n  th e  c a se  
o f  h e a ts  o f  m ix ing  a s  w e ll  a s  l i q u i d  m ix tu re  e n th a lp ie s ,  
we may c o n s id e r  t h r e e  ty p e s  o f  c o r r e l a t i o n .
( 1 )  I n te rm o le c u la r  T heory: T h is  p u r e ly  th e o r e -
14t i c a l  m ethod i s  w e l l  p re s e n te d  by  P r ig o g in e  , 
H i r s c h f e ld e r  and e t .  a l . , and P i e r o t t i * ^ .  I t  e x p la in s  
q u a l i t a t i v e l y  th e  n o n - id e a l  phenomena o f  l i q u i d  m ix tu re s , 
h u t  th e r e  i s  l i t t l e  s u c c e s s  i n  o b ta in in g , q u a n t i t a t i v e  
p r e d ic t io n s .
( 2 )  C o r r e la t in g  E q u a tio n s : U se fu l c o r r e l a t i o n s  
a r e  m o s tly  o b ta in e d  i n  a  m anner p a r t l y  e m p ir ic a l  b u t  
b ased  on some t h e o r e t i c a l  c o n c e p t. R e la t io n s  i n  th e
14. P r ig o g in e , I .  The M o le cu la r  Theory o f
S o lu t io n s .  Hew Yorks I n te r s c i e n c e  P u b l i s h e r s ,  1957.
15. P i e r o t t i ,  R. A ., J .  P hys. Chem. , 67, 184.0
(1 9 6 3 ).
form  o f  pow er s e r i e s  w ere used  by  Guggenheim-1- ^
S c a tc h a rd 1 ^, R e d lic h 18 and so on. T h is  h a s  an  ad v a n tag e  
t h a t  th e  e x p e rim e n ta l d a ta  can a lw ays be f i t t e d  in to  an  
e q u a tio n  w ith  s u f f i c i e n t  number o f  e x p o n e n tia l  te rm s .
U se fu l c o n c e p ts  and a ssu m p tio n s  a r e  h e l p f u l  in  s e t t i n g  
up e m p ir ic a l  e q u a t io n s .  F or in s t a n c e ,  i n  an a lo g o u s  to  
"Group C o n tr ib u t io n " , W ilson  and D ea l1-1 assum ed t h a t  w ith  
re g a rd  to  a  system  o f  am in e -w a te r  b in a ry ,  th e  i n t e r a c t i o n  
betw een  m o le c u le s  i s  e q u a l to  th e  sum o f  g roup  i n t e r a c t i o n s  
w hich a r e  n o t  in f lu e n c e d  by  o th e r  atom s o r  g ro u p s  w i th in  
th e  m o lecu le . M oreover, h ig h  h e a t s  o f  s o lu t io n  a r e  
assum ed to  be due to  hydrogen  bonds form ed by th e  w a te r  
hydrogen  and amino n i t r o g e n .  W ith th e s e  a ssu m p tio n s  th e  
e m p ir ic a l  e q u a tio n  below  was d e r iv e d .
- * H E = 9235 -  3415*<r*+ 639 . 6
16 .  Guggenheim, E, A ,, P ro c . Roy. S o c ., A148, 304 (1 9 3 5 )
& T ran s. F a rad .  S o c .. 33, 151 (1 9 3 7 ).
17 . S c a tc h a rd , G. T ra n s . F a ra d .  Soc. . 33, 160 (1 9 3 7 ).
IS . R e d lic h , 0 . ,  Ch. Eng. P ro g . Symposium. S e r . No. 2,
48, 49 (1 9 5 2 ).
19. W ilson, G.M., and C.H. D ea l, IEO Fund. . 1 , 20 
( 1962).
T h is  e q u a tio n  i s  o n ly  v a l id  a t  i n f i n i t e  d i l u t i o n ,  and
<r* and e£  a r e  s t r u c t u r a l  p a ra m e te rs .
D a ta  may a ls o  be c o r r e l a t e d  g r a p h ic a l ly .  For
2 0exam ple, C a n ja r  and P e te rk a  p l o t t e d  e n th a lp ie s  o f  
l i q u i d  m ix tu re s  v.s. m o la l a v e ra g e  b o i l i n g  p o in t .  They 
d e f in e  th e  m o la l a v e ra g e  b o i l i n g  p o in t  a s
B =  Z xi Bi
w here B^ i s  norm al b o i l i n g  p o in t  o f  p u re  component i .
The c o r r e l a t i o n  in c lu d e d  b o th  te m p e ra tu re  and p r e s s u r e  
e f f e c t s .
( 3 )  E q u a tio n s  o f  S ta te s  E q u a tio n s  o f  s t a t e  a r e  
a n a l y t i c a l  fo rm u la t io n s  o f  th e  r e l a t i o n s h i p s  among P , V, 
and T. T h e ir  s u i t a b l e  a p p l i c a t i o n  in  therm odynam ic 
c a l c u l a t i o n s  o f  m ix tu re  p r o p e r t i e s  depends on th e  fo rm u la­
t i o n  o f a  c o r r e c t  m ix tu re  r u l e s .
K orvezee^*  su g g e s te d  i n  1953 t h a t  g ra p h s  p r e s e n t in g  
th e  e x c e ss  p r o p e r t i e s  d iv id e d  by  th e  p ro d u c t  o f  th e  mole
f r a c t i o n  m ig h t be  p r e f e r a b le  to  th e  common ex c e ss  fu n c t io n  
Plots .
§ 0  Can J a r ,  L. & and V. J .  P e te rk a ,  AIChE J . ,
2* 342 (1 9 5 6 ) .
21. K orvezee, A. E . , D is c u s s io n  Fa r a d . S o c ., 15,
255 (1 9 5 3 ) .
£
U sing t h i s  id e a  a  p l o t  o f  th e  type*H /x ,  x 2 v s » x, h a s
been  u sed  in c r e a s in g ly  i n  r e c e n t  y e a rs  f o r  th e  sim p le
22 23 £
p r e s e n ta t i o n  o f  d a ta  ’ . I n  some c a s e s  H v s .
x 1 i s  more n e a r ly  l i n e a r ,  and f o r  t h i s  re a s o n  i t  i s
e s p e c i a l ly  u s e f u l  f o r  sm oothing d a ta  p a r t i c u l a r l y  i n  th e
re g io n  w here th e  h e a t  o f  m ixing changes v e ry  r a p id ly
w ith  c o n c e n tr a t io n .  On th e  o th e r  hand th e  fu n c t io n
a He/x, x 2 v s .  x, is more convenient to  use and appears to
be in  a  more fo rm a l form . I t  may be n o te d  t h a t  e x c e s s
f u n c t io n  r a t h e r  th a n  m ix ing  f u n c t io n  i s  u sed  ( though
a He = i H M, *GM). T h is  i s  b e c au se  *GM/x ,  x z ap p ro ach es
i n f i n i t y  a t  b o th  x~, =1 0 and  x., = l .  0, b u t  A G /x ,  x A rem a in s
f i n i t y  a t  b o th  x  , = 0 and x., = 1. 0.
C a lo r im e te r s . In  o rd e r  t o  d e te rm in e  a c c u r a te ly  
th e  h e a t s  o f m ix ing , th e  c a lo r im e te r  u sed  sh o u ld  p ro v id e  
p r e c i s e  and a c c u r a te  m easurem ents d e s p i te  th e  p re s e n c e  o f 
v a r io u s  th e rm a l e f f e c t s .  In  a d d i t io n ,  i t  m ust be c a p a b le  
o f  co v e rin g  a  com ple te  ra n g e  o f  c o m p o s itio n  o v e r a  b ro ad  
te m p e ra tu re  s c a le .  U s u a l ly  a  c a lo r im e te r  c o n s i s t s  o f :
2T , Van N ess, H. C ., and R. V. M raaek, AIChE J . ,
5, 209 (1 9 5 9 ).
23. M razek, R .V . , and  H. C. Van N ess, AIChE J . ,
7, 190 (1 9 6 1 ).
( 1 )  A v e s s e l  w ith  a  s t i r r i n g  d e v ic e  w here l i q u i d s  
a r e  mixed.
( 2 )  A s e n s o r  to  d e t e c t  te m p e ra tu re  changes.
( 3 )  A m easu rab le  h e a t  so u rc e .
( 4 )  An is o th e rm a l  env ironm en t.
U n lik e  th e  m easurem ents o f  h e a t in g  v a lu e s  w here 
s ta n d a rd  a p p a ra tu s ,  such a s  flow  c a lo r im e te r ,  P a r r  oxygen 
bomb c a lo r im e te r  a r e  a v a i l a b le ,  t h e r e  i s  no ready-m ade 
c a lo r im e te r  s u i t a b l e  f o r  th e  m easurem ent o f  h e a t s  o f  
m ix ing . T h e re fo re  th e  d e s ig n  and s e t t i n g  up o f  a p p a ra tu s  
v a r i e s  from  l a b o r a to r y  to  la b o r a to r y .
R ecen t i n v e s t i g a t io n s  show t h a t  t h e  p re s e n c e  o f  
e x c e s s  v a p o r  sp ace  i n  a  m ixing com partm ent i s  a - m a j o r  
c o n t r ib u t io n  to  th e  o v e r a l l  e r r o r .  T h is  i s  due to  con­
d e n s a t io n  o f  v ap o r when th e  v a p o r  sp ace  i s  red u ced  by 
e x p a n s io n  o f  th e  l i q u i d  upon m ix ing ; o r  e v a p o ra tio n  when 
th e  v ap o r sp ace  i s  e n la rg e d  by c o n t r a c t io n  o f  th e  l i q u i d  
a f t e r  m ix ing . T h e re fo re  when d e s ig n in g  a  m ixing v e s s e l  
th e  e f f e c t  o f  a  v a p o r  space  sh o u ld  be c o n s id e re d  c a r e f u l ly .  
On th e  o th e r  hand i f  no a i r  sp a ce  w ere p ro v id e d , th e n  f o r  
l i q u i d s  w hich  expand, on m ix ing , th e  f i n a l  p r e s s u r e  m ight 
be s e v e r a l  te n s  o f  a tm o sp h e res . I t  i s  o b v io u s  t h a t  th e  
i d e a l  d e s ig n  i s  one i n  w hich t h e r e  i s  no a i r  sp ace  and no 
p r e s s u r e  e f f e c t  due to  a  volum e change on aiix ing . M ethods 
o f  a c c o u n tin g  f o r  volume ch an g es in c lu d e  a  f l e x i b l e  m e ta l
diaphragm , i n s e r t i o n  in  th e  to p  o f  a  c a lo r im e te r  a  c a p i l ­
l a r y  tu b e  p ro v id e d  w ith  an  end b u lb , c o n f in in g  th e  l i q u i d s  
b e fo re  and a f t e r  m ix ing  u n d e r m ercury , e tc .  The u se  o f  
m ercury  a s  a  s e p a r a t in g  medium i s  som etim es u n d e s i r a b le  
b ec a u se  o f  th e  p o s s ib le  c a t a l y t i c ;  e f f e c t  on m ix tu re s  in  
a d d i t io n  to  i t s  a p p r e c ia b le  h e a t  c a p a c i ty .  O th er th e rm a l 
e f f e c t s  in c lu d e  h e a t  flow  e f f e c t s  betw een  th e  c a lo r im e te r  
and i t s  su r ro u n d in g s , s t i r r i n g ,  h e a t  c a p a c i ta n c e  o f  th e  
com partm ent and i n t e r n a l  p a r t s .
F or a  good c a lo r im e te r ,  i t  a p p e a rs  d e s i r a b le  to  
c o n s id e r  th e  fo llo w in g  f e a t u r e s :
( 1 )  Use v e s s e l  w ith  l a r g e  enough volume ( sa y  100 
ml. ) such  t h a t  e r r o r s  i n  w eig h in g  i s  n e g l ig ib l e .
(2.) E f f i c i e n t  s t i r r i n g .
( 3 )  No v ap o r sp ace .
( 4  M in im iz a tio n  o f  h e a t  l o s s e s  due to  c o n d u c tio n , 
c o n v e c tio n , and r a d i a t i o n .
( 5 )  Avoid b u lk y  i n t e r n a l  p a r t s .
( 6 )  H igh s e n s i t i v i t y  i n  te m p e ra tu re  m easurem ent.
(7  ) R apid  a t ta in m e n t  o f  o r i g i n a l  te m p e ra tu re
a f t e r  m ix ing .
( 8 )  The i n t e r i o r  o f  th e  c a lo r im e te r  m ust be i n e r t  
to  th e  sy stem s u n d e r  s tu d y .
S k in n e r2^ d is c u s s e d  v a r io u s  ty p e s  o f  c a lo r im e te r s
and d e r iv e d  m a th e m a tic a lly  th e  therm odynam ic e f f e c t  o f
25th e  p re s e n c e  o f  a  v a p o r sp a c e . M razek and van  N ess 
b u i l t .  a  c o n tin u o u s  c a lo r im e te r  c a p a b le  o f  ta k in g  d a ta  
o v e r an  e n t i r e  c o n c e n t r a t io n  ra n g e  w ith  a  s in g l e  
e x p e rim e n ta l run*. T h is  was an  im p o r ta n t e x p e r im e n ta l 
tim e  sa v in g  b re a k  th ro u g h .
24. S k in n e r , H. A. B x p e rim en ta l T herm ochem istry . 
New York: Jo h n  W iley and Sons, 1962.
25. M raaek, R .V . , and H. 0. van  N ess, AIOhE J . ,
7, 190 (1 9 6 1 ).
CHAPTER IV 
EXPERIMENTAL WORK
The a b s o lu te  v a lu e s  o f  many therm odynam ic p ro p e r ­
t i e s  o f  p u re  com ponents a r e  n o t  known. A lthough  volum es 
a r e  a lw ays ex p re sse d  i n  a b s o lu te  q u a n t i t i e s ,  and by  conse­
quence o f  th e  t h i r d  law  o f  therm odynam ics, th e  a b s o lu te  
v a lu e s  o f  e n t r o p ie s  a r e  c a lc u la b le ,  o th e r  im p o r ta n t 
therm odynam ic, f u n c t io n s  such  a s  G ibbs f r e e  en e rg y , en­
th a lp y ,  i n t e r n a l  en e rg y , H elm holtz; f r e e  en e rg y  do n o t  
have a  p e r t i n e n t  m ethod a v a i l a b l e  f o r  th e  c a l c u l a t i o n  o f  
t h e i r  a b s o lu te  v a lu e s .  T here  w ere b r i l l i a n t  w orks to  
p r e s e n t  e n th a lp y  d a ta ,  -  Ho, above a b s o lu te  z e ro  tem­
p e r a tu r e ,  how ever, t h e r e  h a s  n o t  y e t  an y  therm odynam ic 
law  to  s t a t e  t h a t  H© i s  z e ro  a t  a b s o lu te  z e ro . T h e re fo re  
HJJ- -  Ho i s  s t i l l  a . r e l a t i v e  q u a n t i ty  r a t h e r  th a n  an abso­
l u t e  te rm . I n  t h i s  w ork, we w i l l  t r y  to  d ev e lo p  a  m ethod, 
w hereby a b s o lu te  v a lu e s  o f  f r e e  en e rg y  a r e  c a lc u la b le  
from  e x p e rim e n ta l m easurem ents. Once th e s e  a r e  o b ta in e d , 
o th e r  p r o p e r t i e s  may be c a lc u l a te d  u s in g  e x a c t  therm o­
dynam ic r e l a t i o n s .
At t h i s  p o in t  i t  may be n o te d  t h a t  t h e r e  a r e  
s e v e r a l  c h o ic e s  o f p r e s e n ta t i o n  o f  d a ta  such  a s  t a b u la r ,  
g r a p h ic a l ,  and  m a th e m a tic a l. P or th e  p u rp o se  o f  
e x p la in in g  ■ th e  m ethod and o a l c u l a t i o n a l  p ro c e d u re ,
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seq u en ces o f  t a b u l a r  and g r a p h ic a l  p r e s e n ta t i o n  i s  ad o p ted  
i n  th e  fo llo w in g  s e c t io n s  and C h a p te r  V to  g iv e  th e  b e s t  
u n d e rs ta n d in g  w ith  a  minimum o f  w ord ing . As m entioned  
e a r l i e r ,  a  com plete  therm odynam ic s tu d y  o f  s o lu t io n s  
r e q u i r e  a  co m b in a tio n  o f  v ap o r p r e s s u r e  m easurem en ts and 
c a lo r im e t r i c  m easurem ents. The v a p o r  p r e s s u r e  d a ta  w ere 
o b ta in e d  from  th e  l i t e r a t u r e  s in c e  t h i s  i s  a l r e a d y  w e ll  
d ev e lo p ed . I n  th e  p r e s e n t  s tu d i e s ,  a  u n iq u e  m ethod o f  
c a lo r im e t ry  was d ev e lo p ed  w ith  w hich d a ta  on  h e a t s  o f  
m ix ing  w ere c o l l e c te d .  I t  i s  hoped t h a t  t h i s  ty p e  o f  
c a lo r im e t ry  w i l l  become w id e ly  u sed  and f a c i l i t a t e  more 
ex ten d ed  r e s e a r c h e s  i n  th e  f i e l d  o f  s o lu t io n  therm odynam ics.
System s S tu d ie d . H ea ts  o f  m ix ing  w ere m easured  
f o r  th e  sy stem s m eth an o l-b en zen e  and  m e th a n o l-w a te r  a t  
s e v e r a l  te m p e ra tu re s  betw een  30° and 6 0 °G.  The r e s u l t s  
were u sed  to  s tu d y  th e  e f f e c t  o f  te m p e ra tu re  on a c t i v i t y  
c o e f f i c i e n t s .  In  a d d i t io n ,  th e  e f f e c t  o f  c o n c e n tr a t io n  
was in c lu d e d .
I s o th e rm a l h e a ts  o f  m ixing a t  30°C w ere a l s o  o b ta in e d  
f o r  sy stem s e th a n o l-w a te r ,  w a te r - a c e to n e , a c e to n e -e th a n o l .  
T hese w ere combined w ith  v ap o r p r e s s u r e  m easurem ents 
( o b ta in e d  from  th e  l i t e r a t u r e ) to  c a l c u l a t e  m o la r G ibbs 
f r e e  en e rg y  and e n th a lp y  o f  p u re  w a te r , e th a n o l ,  and a c e to n e
R eag en ts . The r e a g e n ts  u sed  w ere m e th an o l, e th a n o l 
benzene , a c e to n e , and w a te r . The m eth an o l, b enzene , and
a c e to n e  w ere p ro d u c ts  o f  M a llin e k ro d t Chem ical Works and 
o f  a n a l y t i c a l  r e a g e n t  g ra d e . The e th a n o l was a  p ro d u c t 
o f  U .S. I n d u s t r i a l  C hem icals C o ., D iv is io n  o f  N a tio n a l 
D i s t i l l e r s  and Chem ical C o rp o ra tio n  and o f  a n a l y t i c a l  
r e a g e n t  g rad e . D i s t i l l e d  w a te r  was o b ta in e d  from  th e  
U n it O p e ra tio n s  L a b o ra to ry  i n  th e  D epartm ent o f  Chem ical 
E n g in e e rin g  a t  L o u is ia n a  S ta t e  U n iv e r s i ty .
E x p e rim e n ta l P ro c e d u re . The a p p a ra tu s  i s  
shown in  F ig u re s  l a ,  l b ,  and 2. The c a lo r im e te r  body, G-, 
was a  150 ml v e s s e l  made from  51 mm. O.D. p y re x  g la s s  
tu b e . I t  was f i t t e d  w ith
( 1 )  a  v e ry  t i n y  s t i r r e r ,  S.
( 2 )  h e a t e r  c o i l  H made from  28 gage ehrom el,
ty p e  A, w ire  h av in g  a  r e s i s t a n c e  o f  4 .1 0  ohms p e r  f o o t .
( 5 )  th e rm o p ile  T h av in g  55 ju n c t io n s  o f  32 gage 
c o p p e r-c o n s ta n ta n  th e rm o co u p les .
( 4 )  a  n eo p ren e  p lu g  D w ith  a  g la s s  tu b in g  a t ta c h e d  
to  a  second v e s s e l  E. T h is  v e s s e l  E was a l s o  made from 
51 mm. O.D. p y re x  g l a s s  tu b e .
The c a lo r im e te r  G-, v e s s e l  E, and r e f e r e n c e  ju n c t io n s  
o f  th e rm o p ile  T w ere im m ersed i n  an  is o th e rm a l  w a te r  b a th  
W. The w a te r  b a th  was made o f  p o ly p ro p y le n e  w ith  a  th ic k
p l a t e  g la s s  a t  one f r o n t  s id e .  Any m ix ing  a c t io n  in s id e
th e  c a lo r im e te r  was c l e a r l y  v i s i b l e .  The w a te r  b a th  was 
c o n n ec ted  to  a  c i r c u l a t o r  C eq u ip p ed  w ith s ( 1 )  an  o n - o f f
c p
F ig . 1 - a .  S ch em atic  D iagram  o f  e x p e r im e n ta l  S e t  Up 
f o r  th e  M easurem ent o f  H e a ts  o f  M ixing
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0 RIN&
CA LO RIM ETER CELL 
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P ig . 1 -b .  C a lo r im e te r  C e l l  D im ensions
(A c tu a l  S iz e  )
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m ercury  te m p e ra tu re  c o n t r o l l e r ,  ( 2 )  a  r e f r i g e r a t o r ,
( 5 )  a  h e a te r ,  ( 4 )  a  c i r c u l a t i n g  pump. T h is  therm o­
e l e c t r i c  c i r c u l a t o r  i s  a  p ro d u c t  o f  S c i e n t i f i c  A p p a ra tu s  
In c . A. therm om eter F m easured  th e  h a th  te m p e ra tu re . The 
le a d s  from  h e a te r  H w ere co n n ec ted  th ro u g h  ( 1 )  a  3 0 ,0 0 0  
ohms p e r  v o l t  m u l t i t e s t e r  V (R adio  Shack C o rp o ra tio n )  
f o r  m easu rin g  th e  v o l ta g e s ,  ( 2 )  an am m eter A (W.H. Welch 
S c i e n t i f i c  Co. ), and f i n a l l y  to  ( 3 )  a  f i l t e r e d  D. G. pow er 
su p p ly  P (m odel D 612 T, E le c t r o  P ro d u c ts  l a b o r a t o r i e s ) .  
The le a d s  from  th e rm o p ile  T w ere co n n ec te d  to  a  p o te n -  
t io m e te r - r e c o r d e r  R (M in n eap o lis-H o n ey w ell R e g u la to r  
C o rp o ra tio n , Brown In s tru m e n ts  D i v i s i o n ). T h is  th e rm o p ile , 
r e c o r d e r  co m b in a tio n  gave  a  r e a d in g  o f  4 .6 4 3  s c a le  p e r  one 
d e g re e  c e n t ig r a d e  o u t o f  p o s s ib le  100 w hich was e q u iv a le n t  
to  a  le n g th  o f  2 7 .95  cm. U s u a lly  a  m ix ing  o p e r a t io n  gave 
r i s e  to  a  te m p e ra tu re  change o f  5°G o r  so  r e s u l t i n g  in  
a  r e c o r d e r  r e a d in g  o f  a b o u t 23.
A t th e  b e g in n in g  o f  a n  e x p e rim en t, v e s s e l  G con­
ta in e d  a  m easured  am ount (w eighed  to  an  a c c u ra c y  o f  
0. 0001 g u s in g  160 g c a p a c i ty  ty p e  H 6 b a la n c e  made by  
M e t t le r  In s tru m e n t C o rp o ra t io n ) o f  one o f  th e  p u re  com­
p o n e n ts , and v e s s e l  E c o n ta in e d  a  w eighed am ount o f  th e  
second com ponent. The w a te r  b a th  was a t  a  c o n s ta n t  tem­
p e r a tu r e  th ro u g h o u t th e  e n t i r e  o p e ra t io n .  At l e a s t  two 
h o u rs  was r e q u i r e d  b e tw een  in t r o d u c t io n  o f  th e  r e a g e n ts
and  b e g in n in g  o f  th e  m ixing  to  in s u r e  t h a t  th e  r e a g e n ts  
had re a c h e d  an  is o th e rm a l  te m p e ra tu re  o f  th e  w a te r  h a th . 
Then d am p  X o f  v e s s e l  E was opened to  in tro d u c e  th e  
second com ponent, u n t i l  th e  l i q u i d  c o m p le te ly  f i l l e d  
v e s s e l  G. T h is  in t r o d u c t io n  o f  th e  second  component was 
w i th in  a  s h o r t  p e r io d  o f  3 to  5 seco n d s t h a t  th e  tem­
p o ra ry  p re s e n c e  o f  a  v ap o r sp ace  b e fo r e  v e s s e l  G was f i l l e d  
would n o t a l lo w  enough tim e  f o r  a  v a p o r iz a t io n  o r  conden­
s a t io n  to  ta k e  p la c e .  Thus v a p o r iz a t io n -c o n d e n s a t io n  
e r r o r  was e l im in a te d . The te m p e ra tu re  change due to  h e a t  
o f  m ix ing  was d e te c te d  by  th e  th e rm o p ile  and re c o rd e d  on 
th e  p o te n t io m e te r .  The v a lu e  o f  h e a t  o f  m ix ing  was mea­
su re d  by in p u t  o f  a  known q u a n t i ty  o f  e l e c t r i c a l  energy .
The in t r o d u c t io n  o f  e l e c t r i c i t y  sh o u ld  be i n  such  a  manner 
to  p ro d u ce  a  n e a r ly  i d e n t i c a l  te m p e ra tu re - t im e  h i s t o r y  
cu rv e  o b ta in e d  from  a c tu a l  h e a t  o f  m ix ing . A s to p  w atch 
was used  to  m easure th e  d u r a t io n  o f  c u r r e n t  flo w . Pour to  
f i v e  in t r o d u c t io n s  o f  e l e c t r i c i t y  f o r  each  m ix ing  w ere 
made, th e n  th e  one e q u iv a le n t  to  h e a t  o f  m ixing w as ob­
ta in e d  by  in t e r p o l a t i o n .  The l a s t  s te p  in v o lv e d :
( 1 )  c u t  o f f  th e  a r e a  u n d er te m p e ra tu re - t im e  cu rve  
and w eigh,
( 2 )  p l o t  e l e c t r i c a l  en e rg y  ( a s  o r d in a te )  v s . 
w e ig h t ( a s  a b s c i s s a )  o f  p a p e r ,
( 3 )  by  th e  w e ig h t o f  p a p e r  c u t  from  te m p e ra tu re -
tim e  cu rv e  due to  h e a t  o f  m ix ing , th e  c o rre sp o n d in g  en e rg y  
s c a le  may h e  re a d  from  th e  o r d in a te .
The ahove c a lo r im e t r y  was d i f f e r e n t  from th e  con­
v e n t io n a l  Dewar f l a s k  ty p e  m ethod. The m a jo r d i f f e r e n c e  
was t h a t  i n s t e a d  o f  m in im iz in g  th e  h e a t  t r a n s f e r  l o s s  due 
to  c o n d u c tio n  and c o n v e c tio n  u s in g  a d i a b a t i c  c o n d i t io n ,  
th e  p r e s e n t  c a lo r im e te r  a llo w ed  b o th  ty p e s  o f  h e a t  t r a n s ­
f e r  to  ta k e  p la c e  ( h e a t  t r a n s f e r  due to  r a d i a t i o n  was 
n e g l i g i b l e ). The am ount o f  h e a t  was ta k e n  in to  ac co u n t 
by  th e  te m p e ra tu re - t im e  cu rv e  te rm ed  a  therm ogram . A no ther 
d i f f e r e n c e  was t h a t  u s u a l ly  th e  second com ponent was sepa­
r a t e d  by  a  t h i n  m e ta l f o i l  i n  a  f l a s k  o r  c o n ta in e d  in  a  
g l a s s  b u lb , M ixing was caused  by  p ie r c in g  th e  m e ta l f o i l  
o r  c ru s h in g  th e  g la s s ,  b u lb ,. I n  th e  p r e s e n t  m ethod, th e  
second  component had a  c o n ta in e r  o f  i t s  own, th e  amount 
o f  d is c h a rg e  was c o n t r o l l e d  s im p ly  by  m a n ip u la tin g  a  
d a m p . The c o n s t r u c t io n  o f  a  f i f t y - t h r e e  ju n c t io n  th e rm o p ile  
was v e ry  u n u su a l. I t  gave an  e x tre m e ly  s e n s i t i v e  tem pera­
tu r e  m easurem ents. O th er c a lo r im e te r s  u se d  one to  f o u r  
ju n c t io n s  o r  a t  th e  m ost te n  ju n c t io n s  o f  th e rm o co u p les  
o r  a  s in g le  p ro b e  r e s i s t a n c e  ty p e  th e r m i s te r  f o r  te m p e ra tu re  
m easurem ents. To make th e  i n t e r i o r  o f  c a lo r im e te r  v i s i b l e  
was a s  im p o r ta n t a s  an y  o th e r  f e a t u r e s .  T h is  en su red  
( 1 )  th e  s t i r r e r  was tu r n in g  p r o p e r ly  to  g iv e  a
s u f f i c i e n t  m ix ing ,
( 2 )  l i q u i d  l e v e l  was c o n t r o l l e d  such  t h a t  no 
v ap o r sp a ce  was a llo w ed ,
( 3 ) th e  h e a t e r  was a t  a  p ro p e r  p o s i t i o n  t h a t  no 
s h o r t  c i r c u i t  e x i s te d .
E x p e rim e n ta l R e s u l ts .  The h e a ts  o f  m ix ing  w ere 
m easured f o r  a .c o m p le te  ra n g e  o f  c o n c e n tr a t io n s  f o r  th e  
b in a ry  sy stem s e tb a n o l-w a te r ,  e th a n o l- a c e to n e ,  and  
a c e to n e -w a te r  a t  30° O', f o r  th e  system  m e th an o l-  w a te r  a t  
25°, 30°, 35°,. 40% 4 5 °, and  50* C, f o r  th e  system  
m e th an o l-b en z en e  a t 30°, 35% 40% 4 5 °, 50°, 5 5 ° , and 
60°G. The r e s u l t s  a r e  l i s t e d  i n  T ab le  1 , 2 , and  3, and 
a r e  p l o t t e d  a s  F ig u r e s  3, 4, 5 , 6 , and  7. L i t e r a t u r e 2 ^ 
v a lu e s  o f  h e a t s  o f  m ix ing  f o r  m e th an o l-b en zen e  system , a r e  
a v a i l a b l e  a t  25°, 35°, and 45°0. They a r e  a l s o  p l o t t e d  
in . F ig u re  3 and show good ag reem en t w ith  th e  p r e s e n t  
e x p e r im e n ta l r e s u l t s .  The maximum, d e v ia t io n  o f  th e  e x p e r i­
m e n ta l r e s u l t s  from, l i t e r a t u r e  v a lu e s  i s  4. 33f° f o r  
m e th an o l-b en zen e  b in a ry  a t  45 °C. F ig u re s  8 and 9 show 
th e  e f f e c t  o f  te m p e ra tu re  on h e a t-o f -m ix in g .
25. M razek, R. Y . , and H. C. van N ess , AIOhE J . .
7, 190 (1 9 6 1 ).
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TABLE I I . H ea ts  o f  M ixing, B tu / lb .  m ole o f  s o lu t io n
M eth an o l-w a te r
xch5oh
Temp.
. °C A H xch5oh
Temp.
°0 A
0 .1 0 25 -2 4 5 .5 0.752 35 -2 1 1 .
0.297 25 -415 0.856 35 -1 4 0
0.351 25 -421 0.107 40 -1 9 0
0 .402 25 -415 0.185 40 -2 8 5
0 .504 25 -382 0.335 40 -3 6 6
0 .703 25 -2 7 0 0.515 40 -3 2 5
0 .785 25 -212 0.728 40 - 2 1 4
0 .834 25 -176 0.845 40 - 1 4 0
0.112 30 -2 4 0 0.109 45 -1 8 0
0 .3 3 30 -405 0. 311 45 - 3 4 0
0 .437 30 -388 0. 462 45 -3 3 5
0.-527 30 -352 0 .694 45 -2 2 5
0 .797 30 -195 0.772 45 -1 7 5
0 .860 30 -1 4 0 0.828 45 - 1 4 0
0.122 35 -235 0.124 50 -1 7 8
0 .158 35 . -278 0. 346 50 -3 2 8
0. 311 35 -383 0.385 50 - 3 2 0
0 .411 35 -375 0.532 50 -2 9 2
0.49 35 -352 0.671 50 -2 2 1
0 .714 35 -239 0.845 50 -1 1 2
g a b le  I I I . H ea ts  o f  M ixing, C a l/g -rao le  o f  s o lu t io n  
S ystem s: E th an o l-W ate r; A cetone-W ater;
E th an o l-A ce to n e  a t  30°C
E th an o l-W ate r A cetone-W ater E th an o l-A ce to n e
x e th a n o l A h xa c e to n e  A H x e th a n o lA ^
0. 058 -9 9 .4 0. 042 -7 8 .9 9 0. 0628 8 2 .6
0.128 -1 6 9 .2 0. 055 - 9 7 .4 0.0975 111 .61
0.151 -179 0.126 -141 0 .17 1 7 1 .4
0 .163 -1 8 0 0 .17 -153 0 .203 194
0.216 -168 0 .2 -1 5 1 .8 0.26 224
0.348 -1 5 5 0.238 - 142.2 0.323 254
0.426 -106 0.289 -1 2 4 0. 43 282
0.595 - 6 8 .5 0.357 - 9 9 .4 0.512 283
0 .634 - 5 8 .4 0.416 - 6 6 .7 0.638 266
0 .737 -5 9 .5 0. 441 -5 9 .6 0. 745 213
0.832 -25 0.548 0 0.82 179
0.847 -2 3 0.596 27 .5 0.89 124
0.62 33 0.928 79
0 .768 8 2 .1
0.816 9 3 .2
0.858 9 2 .6
0.928 64
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( 1 )  Sample C a lc u la t io n  o f  & H. ^H* s w ere c a lc u ­
l a t e d  "by th e  p ro c e d u re  a s  shown in  th e  fo llo w in g  exam ple.
Systems a e e to n e -w a te r  b in a r y  m ix tu re  a t  
30° C‘ and  1 atm .
W eight o f  w a te r  ~ 6 .1270  g 
W eight o f  a c e to n e  =  119 .3877  g  
g -m ole  o f  w a te r  — 6 .1 2 7 0 /1 8  =  0 .341  
g -m ole o f  a c e to n e  =  119*3877/58. 08 — 2. 06 
T o ta l  number o f  gr m ole =  0. 341 + 2 .0 6  -  2 .401  
Mole f r a c t i o n  o f  w a te r  =  0 .3 4 1 /2 .4 0 1  =  0.142 
Mole f r a c t i o n  o f  a c e to n e  = 2. 0 6 /2 .4 0 1  = 0 .858  
The m ix in g  o f  a c e to n e  and w a te r  cau sed  th e  
te m p e ra tu re  o f  th e  system  to  d e c re a s e  ( en d o th e rm ic  i n  t h i s  
c a s e ) .  T h is  was d e te c te d  by  th e  th e rm o p ile  and re c o rd e d  
on th e  p o te n t io m e te r  a s  a . te m p e ra tu r e - t im e  cu rv e  c o r r e s ­
pond in g  to  M in  f i g u r e  10. The q u a n t i ty  o f  h e a t  was 
m easured  by  in t ro d u c in g  e l e c t r i c a l  en e rg y . S e v e ra l 
d i f f e r e n t  in t r o d u c t io n s  o f  e l e c t r i c i t y  r e s u l t e d  i n  cu rv es  
A, B, and C, e t c .  The en e rg y  was c a lc u la te d  by  
j  o u le s  = ( s e c ) ( v o l t s ) ( amp )
Then c u rv e s  M, A, B, and C, e t c .  w ere c u t  o f f  and w eighed 
to  an a c c u ra c y  o f  ±  0. 0001 g . I n t e r p o la t i o n  among A, B, 
and  C, etc^  w ere made u s in g  a  p l o t  o f  en e rg y  v s . w e ig h t 
o f  p a p e r  and  th e  q u a n t i ty  o f  h e a t  c o r re sp o n d in g  to  M was
£
£
or
c a
r e a d  o f f  f r o m .th i s  p lo t . .  The fo llo w in g  t a b l e  l i s t s  some 
o f  th e  num bers u se d  f o r  th e  above p ro c e d u re ,
lim e  Wt. o f  p a p e r
C urse  ( s e c )  Amp V o lts  Jo u le ®  (mg. )
M 930 1 8 .8
A 47 .5 1..68 7*4 590 1 3 .4
B; 3 2 .0 2 .3 4 1 0 .7 5 805 1 8 .8
C 20. 0 2 .3 4 1 0 .7 5 497 1 0 .7
D 25*3 2 .4 5 1 1 .2 5 6 97 .5 1 6 .8
£ 1 7 .2 2. 44 1 1 .2 5 4 7 2 .5 9 .7
P 1 4 .2 2 .4 4 1 1 .2 5 384 .5 8 . 0
The h e a t  o f  m ix ing  was
a H - 9 3 0 /2 .4 0 1  = 387 jo u le s /g -m o le
- 9 2 .5  c a l /g -m o le  
= 167 B tu / lb  m ole
( 2 )  P a r t i a l  M olar H ea ts  o f  M ixing. The q u a n t i ty  
a Hm i s  u s u a l ly  term ed  th e  " i n t e g r a l  h e a t  o f  m ixing" p e r  
m ole o f  s o lu t io n ..  I t  may b e  w r i t t e n  a s
a hM = H -  x, H,° -  2* Hi
X |(H, -  R °,) + x x(H2 -  H*) , ( 4 - 1 )
w here H i s  th e  t o t a l  e n th a lp y  o f  th e  f i n a l  m ix tu re , H* 
an d  E l a r e  th e  m o la r e n th a lp ie s  o f  p u re  s u b s ta n c e s  1 and 
2 , Hi and H2 a r e  p a r t i a l  m o la r e n th a lp i e s  o f  1 and 2 in  
th e  m ix tu re . The q u a n t i t i e s  H, -  H* and Ha -  e£ a r e  c a l l e d
th e  " d i f f e r e n t i a l  h e a t  o f  m ixing" o r  " p a r t i a l  m o la r h e a t
o f  m ixing" p e r  m ole o f  com ponent 1 and 2 r e s p e c t iv e ly .
fu r th e rm o re ,
H, _ h ; = -  e s 1 - ± £ r -  ■
\  -  H”= -  H I3 . ( 4 - 2 )
E q u a tio n  4 -2  shows t h a t  th e  d i f f e r e n t i a l  h e a t  o f  m ixing  
can he c a l c u l a t e d  from  th e  te m p e ra tu re  v a r i a t i o n  o f  th e  
a c t i v i t y  c o e f f i c i e n t s .
The p a r t i a l  m o la r h e a t s  o f  m ix ing  f o r  a c e to n e -  
w a te r , e th a n o l-w a te r  b i n a r i e s  a t  30°C a r e  l i s t e d  i n  T ab le s  
4 and  5. The m ethod o f  c a l c u l a t i o n  i s  d is c u s s e d  i n  C h ap te r 
6.
( 3 )  E f f e c t  o f  T em p era tu re  on A c t i v i t y  C o e f f ic ie n ts .  
The h e a t-o f -m ix in g  d a ta  o b ta in e d  in. th e  ex p e rim en ts  w ere 
u se d  to  o a l c u l a t e  th e  te m p e ra tu re  dependence  o f  th e  a c t i v i t y  
c o e f f i c i e n t s .  T h is  was done by g r a p h ic a l ly  i n t e g r a t i n g
th e  r i g h t  hand s id e  o f  th e  e q u a tio n
-T, x M _i±22
> «, TV _  _
p.f1 d T (4-3)
T,
The r e s u l t s  a r e  p l o t t e d  a s  F ig u re s  11 , 12 , 13 , and 14.
The r e s u l t s  show t h a t  f o r  en d o th e rm ic  sy stem s th e  a c t i v i t y  
c o e f f i c i e n t s  d e c re a s e  w ith  an  in c r e a s e  i n  te m p e ra tu re  and  
f o r  e x o th e rm ic  sy stem s th e  a c t i v i t y  c o e f f i c i e n t s  in c r e a s e  
w ith  in c r e a s in g  te m p e ra tu re .
T able IV.
P a r t i a l  M olar H e a ts  o f  M ixing, C a l/g -m o le
o
System  o f  A cetone-W ater B in a ry  a t  30 0 
1 = A cetone , 2 = W ater
X.| H ,-  H° i , -  i
0 .1 -7 8 0 -6 0
0.2 . -105 -165
0 .3 120 -235
0 .4 225 -2 8 0
0 .5 235 -29  0
0 .6 215 -265
0 .7 190 -225
0 .8 165 -175
0.9 20 -615
T ab le  V.
P a r t i a l  M olar H e a ts  o f  M ixing, C a l/g -m o le  
System  o f  E th an o l-W a te r  B in a ry  a t  30°C 
1 = E th a n o l, 2 = W ater
x . H ,-  H, Hz-  I
0 .1 -855 -7 5
0 .2 -8 0 -2 7 0
0 .3 75 -245
0 .4 75 -245
0 .5 25 -2 0 0
0 .6 50 -235
0 .7 -5 -1 8 0
0 .8 5 -1 6 5
0.9 20 -4 5 0
F ig . 1 1 . E ffe c t  o f  Temperature on A c t iv i ty  C o e f f ic ie n ts
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Fig. 1 3 . E f f e c t  o f  C o n c e n t r a t i o n  o n  A c t i v i t y  C o e f f i c i e n t s
M e t h a n o l - b e n z e n e
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Y2.0C
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F ig ,1 4  . E f fe c t  o f  C oncentration  on A c t iv ity  C o e f f ic ie n ts
M e t h a n o l - w a t e r
!:;! U-M!
1 .0 7
1 .0 5
■s* 1 .0 3
1.02
1.00
0 .9 9
l .  . i l l . : .
0 .9 8
0 .9 7
0 .4  0 .5  0 .6  0 .7  0 .8  0 .9  1 .0
(.4 ) The G ibbs f r e e  e n e rg ie s  o f  m ix ing  and 
e n t r o p ie s  o f  mixing: f o r  e th a n o l-w a te r ,  a e e to n e -w a te r  
b i n a r i e s  a t  30° C' a r e  l i s t e d  i n  T a b le s  6 , 7 , 8 , and 9 
and. F ig u r e s  1 5 , 16 , 17, an d  18. The c a lc u l a t i o n s  o f  
AG-‘ s  and (G^ -  g £ ) ’ s  a r e  d is c u s s e d  in  C h a p te r  5 . T*S 
i s  c a lc u l a t e d  by  T*S -  -  *G. The c a l c u l a t i o n  o f
( S i  -  S ? ) ! s i s  d is c u s s e d  i n  C h a p te r  6..
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T ab le  VI.
P a r t i a l  M olar F re e  E n e rg ie s  o f  M ixing, C a l/g -m o le  
System  o f  E th an o l-W ate r B in a ry  a t  30°C 
1 = E th a n o l, 2 = W ater
X, 0, -  Gr, C2 -  G
0 .1 -8 3 0 -5 0
0 .2 -3 9 0 -1 2 0
0 .3 -3 0 5 -1 4 5
0 .4 -305. -1 4 5
0 .5 -305 -1 4 5
0. 6 -2 3 5 -235
0 .7 -205 -3 0 0
0 .8 -1 3 0 -5 3 0
0.9 -3 0 -1 1 7 0
T ab le  V II .
P a r t i a l  M olar F ree  E n e rg ie s  o f  M ixing, C a l/g -m o le  
System  o f  A ce to n eJffa te r  B in a ry  a t  30° C 
1 = A ce tone , 2 =■ W ater
0 .1 -5 9 0 -2 0
0 .2 -2 2 5 -45-
0 .3 -1 9 0 -55
0 .4 -1 7 0 -6 0
0 .5 -2 3 5 -5
0 .6 -2 2 0 -45
0 .7 -1 4 0 -1 9 0
0 .8
or-1 -4 1 0
0.9 -2 0 -685
I  ✓
T ab le  V I I I .
P a r t i a l  M olar Q a tro p ie s  o f  M ixing , C a l/(g -m o le  X° K ) 
System  o f  E th an o l-W ate r B in a ry  a t  30° C'
»1
1 = E th a n o l, 2 = W ater 
T ( S ,-  Si) t ( sl -
0 .09 -2 5 -2 5
0 .2 310 -8 0
0 .3 380 -1 0 0
0 .4 380 -1 0 0
0 .5 330 -5 5
0 .6 285 0
0 .7 4 190 190
a s 135 365
0.9 50 720
Table IX.
P a r t i a l  M olar E n tro p ie s  o f  M ixing, C a l/(g -m o le X °  
System  o f  A cetone-W ater B in a ry  a t  30°C 
1 = A cetone, 2 = W ater
*1 t ( s , -  s;> T ( S ,-
0 .1 -3 9 0 -4 0
0 .2 120 -1 2 0
0 .3 310 -1 8 0
0 .4 395 -2 2 0
0 .5 470 -285
0. 6 435 -2 2 0
0 .7 330 -35
0 .78 235 235
0.9 40 1300
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Ac.e to n  e -W ate r B in a ry  a t  30 C
2 0 0
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CHAPTER V
PREDICTION OP MOLAR GIBBS PREE ENERGY
I t  h a s  lo n g  "been an  e x i s t in g  f a c t  t h a t  th e  a b s o lu te  
v a lu e s  o f  en e rg y  p r o p e r t i e s ,  G (G ibbs f r e e  e n e rg y ) ,
H ( e n th a lp y ) ,  A ( H elm holta . f r e e  en e rg y ) , U ( i n t e r n a l  
en e rg y )  a r e  n e v e r  known. F o r tu n a te ly  th e  d i f f e r e n c e  i n  
th e s e  p r o p e r t ie s ,  a r e  s u f f i c i e n t  f o r  v a r io u s  therm odynam ic 
m a n ip u la tio n s  e i t h e r  i n  s c ie n c e  o r  in  e n g in e e r in g . However, 
th e  la c k  o f  know ledge c o n c e rn in g  th e  i n t r i n s i c  c h a r a c t e r i s ­
t i c s  o f  th e s e  p r o p e r t i e s  c a u se s  d i f f i c u l t i e s  i n  t h e o r e t i c a l  
s tu d i e s  o f  m o le c u la r  b e h a v io r . In  th e  fo llo w in g , an 
a t te m p t i s  made to  c a l c u l a t e  th e  a b s o lu te  q u a n t i ty  o f  
m o la r G ibbs f r e e  en e rg y . Then th e  o th e r  p r o p e r t i e s ,  
m a in ly  A, H, U, may b e  o b ta in e d  from c o rre sp o n d in g  
therm odynam ic r e l a t i o n s .  I t  i s  hoped t h a t  in  th e  f u tu r e  
t h i s  w i l l  a i d  in  th e  fo rm u la t io n  o f  p a r t i t i o n  f u n c t io n  
o f  m o le c u la r  e n e rg ie s ,  c o r r e l a t i o n  o f  therm odynam ic p ro ­
p e r t i e s ,  s t u d i e s  i n  in te r m o le c u la r  f o r c e s  and so f o r th .
G ibbs Duhem E q u a tio n . The G ibbs f u n c t io n  i s  a
n a t u r a l  f u n c t io n  o f  th e  v a r i a b l e s  T, P, x1? X2 , ..........
and i s  p a r t i c u l a r l y  c o n v e n ie n t i n  th e  a n a ly s i s  o f  
p ro b lem s in v o lv in g  c o n s ta n t  te m p e ra tu re  and p r e s s u r e ,  
e s p e c i a l l y  when d e a l in g  w ith  therm odynam ic p rob lem s w hich 
co n cern  p h ase  o r  ch em ica l e q u i l ib r iu m .
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By d e f i n i t i o n ,  f o r  a  b in a ry  m ix tu re
& = & (T , P , xx , * 2 ) . ( 5 - 1 )
T o ta l  d i f f e r e n t i a t i o n  y ie ld s
d<r= (-Hr)T<<w d x > + dXi
=  + <fa 4 * 2 -  + \ / d p  ( 5- 2 )
For th e  c o n d i t io n  o f  c o n s ta n t  T, P, e q u a tio n  5 -2  becomes 
dG - G| dx., + Ga d x 2 . ( 5 - 3 )
Prom E u le r 1s  theorem
G -  x,G, + 2%Gz . ( 5 - 4 )
Upon t o t a l  d i f f e r e n t i a t i o n  we f in d  t h a t
dG - G, dx, + d x z  + x, dG, + dGz . ( 5-5 )
Combining e q u a tio n s  5 -3  and 5-5  we o b ta in  an  im p o r ta n t
26. Wark, K. Therm odynam ics. New York: McGraw-
H i l l ,  1966, p . 545.
r e l a t i o n  known a s  G ibbs Duhem e q u a tio n
x t dG, + x^ d&2 =  0 ( 5 - 6 )
P a r t i a l  M olar G ibbs P re e  E nergy. The G ibbs f r e e  
en e rg y  o f  m ix ing  may he w r i t t e n  a s
n G = G -  x, G(° -  Xj. G “
= x ,  (G, -  G; ) + x 2 (Gz -  G  ̂ ) , ( 5 - 7 )
w here G i s  th e  t o t a l  G ibbs f r e e  en e rg y  o f  th e  m ix tu re ,
G| and. Ga a r e  th e  p a r t i a l  G ibbs f r e e  en e rg y  o f  component 
1 and. 2 r e s p e c t iv e ly ,  and G° and  G* a r e  m o la r  G ibbs f r e e  
en e rg y  o f  p u re  1 and p u re  2 r e s p e c t iv e ly .  G, -  G* and 
G2 -  G° a r e  te rm ed  th e  p a r t i a l  m o lar G ibbs f r e e  en e rg y  
o f  m ix ing  p e r  m ole o f  1 and 2 r e s p e c t iv e ly .
By d i f f e r e n t i a t i n g  e q u a tio n  5 -7  w ith  r e s p e c t  to  
x , n o tin g  x  2 = 1 -  x, , we f in d  t h a t
Combining e q u a tio n s  5 -6  and 5 -8  we o b ta in
Now w ith  r e f e r e n c e  to  F ig u re  19 , AFC i s  a  c u rv e  o f  a G v s . 
x , and DG i s  a  ta n g e n t  l i n e  a t  P. E l im in a tin g  (G, -  G.,°) 
b e tw een  e q u a tio n s  5 -7  and 5 -9 , we se e  t h a t
(5 -9  )
D -----1
A C
P ig . 19. G ra p h ic a l I n t e r p r e t a t i o n  o f
P a r t i a l  M olar G ibbs P re e  E n e rg ie s
o r
= m  -  ab - § f -
-  m  -  pe
DA (5 -1 0 )
S im i la r ly
G, -  G,° = GO ( 5 -1 1 )
Thus, th e  v a lu e s  o f  th e  p a r t i a l  m o la r G ihhs f r e e  en e rg y  
r e l a t i v e  to  th e  m o la r G ihhs f r e e  en e rg y  a r e  g iv e n  by  th e  
i n t e r c e p t s  o f  a  ta n g e n t  l i n e  a t  x , - 0 and x , = 1. 0 from 
a. curve o f  a G v s . x f .
p ro c e d u re  f o r  o b ta in in g  th e  a b s o lu te  m o la r  G ihhs f r e e  
en e rg y  i s  b e s t  e x p la in e d  w ith  a c tu a l  n u m e ric a l c a l c u l a t i o n s  
on  e th a n o l-w a te r  b in a r y  m ix tu re  a t  2.0°C. The u s e f u l  
e q u a tio n s  a r e  eq.uat i o n s  5 -3 , 5 -4 , 5 -6 , 5 -1 0 , and 5-11 .
( 1 )  ^ G . T ab le  10 l i s t s  th e  v a p o r  p r e s s u r e  d a ta  on 
e th a n o l-w a te r  m ix tu re  a t  20 °C o b ta in e d  from, th e  l i t e r a t u r e ^ .  
These a r e  c o n v e rte d  in to  a c t i v i t y  c o e f f i c i e n t s  u s in g
TT.  W ashburn, E. W. I n t e r n a t i o n a l  C r i t i c a l  T ah le s  
o f  N um erical D a ta . P h y s ic s  C h em istry  and T echnology .
5 , 89.
P r e d ic t i o n , o f  M olar G ibbs F re e  E nergy . The
g a b le  X.
P a r t i a l  P r e s s u r e s  and A c t iv i ty  C o e f f ic ie n t s  o f  
E th an o l-W ate r B in a ry  System, a t  20°C
x( e t h a n o l ) x( w a te r ) p ( e th a n o l ) p (w a te r  ) 
inm.Hg. mm.Hg. '̂Ye'Htario I ~Y iva+e r
0. 0 1 .0 0 .0 1 7 .5 1 .0
0. 0416 0 .9584 6 .7 1 6 .8 3 .7 1 .0
0.089 0 .9 H 1 2 .6 1 5 .9 3 .25 1 .0
0.143 0.857 1 7 .1 1 5 .1 2 .7 4 1 .0 0 8
0.207 0. 793 2 0 .7 1 4 .7 2 .295 1 .0 6
0.281 0.719 2 3 .5 1 4 .5 1 .8 2 1 .1 5
0.37 0 .63 2 5 .6 1 4 .1 1 .59 1 .2 8
0. 476 0 .524 28. 0 1 3 .1 1 .3 5 1 .4 3
0 .61 0.39 3 1 .2 1 1 .3 1 .1 7 3 1 .655
0.779 0.221 3 5 .8 7 .5 1 .0 5 3 1 .8 4
0.9504 0.0496 4 2 .3 1 .9 1 .0 2 2.19
1 .0 0. 0 4 3 .6 0. 0 1 .0
T ab le  XI.
P a r t i a l  P r e s s u r e s  and A c t iv i ty  C o e f f i c i e n t s  o f  
A cetone-W ater B in a ry  System  a t  30°C
1* âcetone. Pvoa/tev
mm.Hg.
P ace "tone
mm.Hg. "'V'vafe t Hfacetone
1 .0 0 .0 31 0 1 .0
0 .9667 0. 0333 34 47 1 .1 3 5 5 .0 2
0 .928 0. 072 34 96 1 .1 8 2 4 .7 5
0 .8 8 3 0 .1 17 30 134 1 .0 9 7 4. 07
0.829 0 .1 71 34 157 1 .3 2 1 3 .2 7
0 .7 6 4 0 .2 36 29 182 1 .2 2 3 2. 745
0 .682 0. 318 35 189 1 .6 5 6 2 .1 1 5
0 .58 0 .42 29 205 1 .6 1 1 .7 4
0 .446 0 .5 5 4 20 225 1 .4 5 1 .4 4 5
0 .2 63 0 .7 3 7 21 236 2 .5 7 1 .1 4
0. 0
o•H 0 281 1 .0
equation  1-59
x
4
(1 -5 9  )
and th e  r e s u l t s  a r e  l i s t e d  i n  th e  same t a b l e  a s  w e ll  a s  
p l o t t e d  a s  F ig u re s . 2D and 21. A G 's  a r e  c a lc u la te d  by 
com bining e q u a tio n s  1 -42  and 1 -7 7 ,
C a lc u la te d  v a lu e s  o f  AG’ s a r e  l i s t e d  i n  T ab le  12. I n e i -  
d e n t ly  e x p e r im e n ta l d a ta , on h e a t s  o f  m ix ing  from  F ig u re  6 
a r e  a l s o  l i s t e d  in  th e  same t a b l e ,  w hereby T * S = * H ~ * G  
i s  c a lc u la te d . .
( 2 )  (G, -  G° ) ’ s  and (G2 -  G^ ) ' s . These a r e  th e
o r d in a te  i n t e r c e p t s  a t  x ( = 1. 0 and x ,=  0 o f  th e  ta n g e n t  
l i n e s  from  cu rv e  A G v s . x, a s  in d ic a te d  by  e q u a tio n s  
5 -10  and 5 -1 1 , and  F ig u re  19. N um erical v a lu e s  a r e  l i s t e d  
in  T ab le  6.
( 5 )  G, -  G°. G,° and G  ̂ a r e  th e  a b s o lu te  v a lu e s
o f  m o lar G ibbs f r e e  en e rg y  o f  p u re  com ponent 1 and p u re  
component 2 , w here 1 i s  e th a n o l and 21 i s  w a te r . P r i o r
A -  RT ( x i I n  x, + x 2 I n  ) ( 1 -4 2 )
RT ( x , In . "Vj x i + x  I n  "Vzx z ) .
0.2.0. 0 0.60 .4 0.8 1.0
Mole f r a c t i o n  w a te r
F ig . 20. A c t i v i t y  C o e f f i c i e n t
E th an o l-Y /a t e r  B in a ry  a t  20°C
6
5
4
3
2
1
0
0. 0 0. 2 . 0. 4  o. 6 0. 8  1 * 0
Mole f r a c t i o n  w a te r
P ig # 21. A c t i v i t y  C o e f f i c i e n t
0
A ce to n e-Y /a te r B in a ry  a t  30 C
Table X II.
C a lc u la t io n  o f  G ibbs F re e  E nergy Changes, c a l/g -m o le  s o l 'n
©
System  o f  E th an o l-W ate r B in a ry  a t  30 C 
1 * C2H50E, 2 = H20
*1 nr, ^  n^ X\ ^i
0 .1 3 .2 0 .32 -1 .1 3 9 4 4 -0 .1 1 3 9  44
0 .2 2 .3 0. 46 - 0 .  77653 -0 .1 5 5 3 0 6
0.3 1 .8 0 .5 4 -0 .  61619 -0 .1 8 4 8 5 7
0 .4 1 .5 0 .6 0 - 0 .  51083 -0 .2 0 4 3 3 2
0 .5 1 .3 0 .65 - 0 .  43079 -0 .2 1 5 3 9 5
0. 6 1 .2 0 .72 -0 .  32851 -0 .1 9 7 1 0 6
0 .7 1 .1 0 .77 - 0 .  26137 -0 .1 8 2 9 5 9
0 .8 1. 03 0 .824 -0 .1 9 3 5 9 -0 .1 5 4 8 7 2
0.9 1. 01 0.909 - 0 .  09542 - 0 .  085878
T ab le  X II.
C a lc u la t io n  o f  G ibbs F re e  E nergy  Changes, c a l/g -m o le  s o l ’n  
System  o f  E th an o l-W ate r B in a ry  a t  30°C 
1 = C2H5OH, 2 = H20 
( C o n tin u e d )
K n r ,
0.9 1. 0 0.9 -0 .1 0 5 3 7 - 0 .  094833 - 0 .2  08777
0 .8 1. 06 0.848 -0 .1 6 4 8 8 -0 .1 3 1 9 0 4 -0 .2 8 7 2 1 0
0 .7 1 .1 8 0.826 - 0 .1 9 H 7 -0 .133819 -0 .3 1 8 6 7 6
0. 6 1. 32 0 .792 -0 .2 3 3 2 0 -0 .1 3 9 9 2 0 -0 .  344252
0 .5 1. 47 0 .735 - 0 .  30789 -0 .1 5 3 9 4 5 -0 .3 6 9 3 4 0
0 .4 1 .6 0. 64 - 0 .  44629 -0 .1 7 8 5 1 6 -0 .  375622
0 .3 1 .7 0. 51 -0 .6 7 3 3 5 -0 .2 0 2 0 0 5 -0 .3 8 4 9 6 4
0.2 1 .9 0 .38 -0 .9 6 7 5 9 -0 .1 9 3 5 1 8 -0 .3 4 8 3 9 0
0 .1
0 .0
2 .2 0.22 -1 .5 1 4 1 3 -0 .1 5 1 4 1 3 - o .  237291
T ab le  X II .
C a lc u la t io n  o f  G ibbs F re e  E nergy Changes t Ca\fa
(C o n tin u e d )
System  o f  E th an o l-W ate r B in a ry  a t  30°C
^ethanol
4
a H T a S
= — A({
0 .1 - 1 2 5 .8 -1 5 0 -2 4 .2
0 .2 -1 7 3 -175 -2
0 .3 -192 -1 4 7 45
0 .4 -2 0 7 .5 -1 1 5 9 2 .5
0 .5 -2 2 2 .5 1 CO -3 1 35 .5
0 .6 -2 2 6 -65 161
0 .7 -232 -45. 187
0 .8 -2 1 0 -29 181
0.9 -1 4 3 -12 131
T ab le  X I I I .
C a lc u la t io n  o f  G ibbs T ree  E nergy C hanges, c a l/g -m o le  s o l  
System  o f  A cetone-W ater B in a ry  a t  30°C 
1 =  H20, 2- CH3COCH5
*1 Mi X { JLn % /
0.1 3. 05 0.305 -1 .1 8 7 4 5 -0 .1 1 8 7 4 5
a  2. 2 .6 0 .52 -0 .6 5 3 9 3 -0 .1 3 0 7 8 6
0 .3 2 .2 0. 66 - 0 .  41552 —0.124656
0 .4 1 .9 0. 76 -0 .2 7 4 4 4 -0 .1 0 9  776
0 .5 1 .8 0 .9 0 -0 .1 0 5 3 7 -0 .  052685
0. 6 1 .5 5 0 .930 - 0 .  07258 -0 .  043548
0 .7 1. 35 0.945 -0 .  05658 - 0.039606
0 .8 1 .2 0 .96 -0 .  04083 -0 .  032664
0.9 1 .1 0 .99 -0 .  01006 -0 .  009 054
T ab le  X II I .
C a lc u la t io n  o f  G-ibbs F re e  E nergy  Changes, c a l/g -m o le  s o l ’n 
System  o f  A cetone-W ater B in a ry  a t  30*0 
1 -  H20, 2 =  CH3C0CĤ
( C o n tin u e d )
X L 'T , -In
0.9 1. 08 0 .972 - 0 .  02840
0.8 1 .1 0 .88 -0 .1 2 7 8 4
0 .7 1 .2 0 .8 4 -0 .1 7 4 3 6
0. 6 1. 32 0 .792 -0 .2 3 3 2 0
0 .5 1 .5 0 .75 -0 .2 8 7 6 9
0 .4 1 .8 0.72 -0 .  32851
0 .3 2 .2 5 0 .675 -0 .3 9 3 0 5
0 2 3 .0 0. 6 -0 . 51063
0 .1 4 .3 0. 43 -0 .8 4 3 9 7
* a i«  Tx +
- 0 .  025560 -0 .1 4 4 3 0 5
-0 .1 0 2 2 7 2 -0 .2 3 3 0 5 8
-0 .1 2 1 0 5 2 -0 .  245708
-0 .1 3 9 9 2 0 -0 .2 4 9 6 9 6
-0 .1 4 3 8 4 5 -0 .1 9 6 5 3 0
-0 .1 3 1 4 0 4 -0 .1 7 4 9 5 2
-0 .1 1 7 9 1 5 -0 .1 5 7 5 2 1
-0 .1 0 2 1 6 6 -0 .1 3 4 8 3 0
-0 .0 8 4 3 9 7 -0 .  093451
g a b le  X I I I ,
C a lc u la t io n  o f  G-ibbs F re e  E nergy  Changes „
( C o n tin u e d )
System  o f  A cetone-W ater B in a ry  a t  30° C*
ACf
= frrzxi^ y Jx.
T^S
=. AH-&5
0 .1 -8 7 84 171
0 .2 -1 4 0 .2 92 232 .2
0 .3 -1 4 7 .8 65 2 12 .8
0. 4 -1 5 0 .3 25 1 7 5 .3
0 .5 -1 1 8 .2 -2 8 9 0 .2
0. 6 -1 0 5 . 3 -7 8 2 7 .3
0 .7 - 9 4 .8 -1 2 0 - 25 .2
0 .8 -8 1 .2 -1 5 0 -6 8 .8
0 .9 - 5 6 .3 -1 3 0 -7 3 .7
to  th e  p r e s e n t  tim e  th e y  have n e v e r  b een  known. However, 
by  r ig o ro u s  therm odynam ic e q u a tio n s , G° -  G° may f i r s t  
be c a lc u l a te d ,  th e n  by a  g eo m e tr ic  m a n ip u la tio n  G a n d
o
Gz a r e  c a lc u la te d .
Prom e q u a tio n  5 -6
x,dG, = -  x2 dG2 , ( 5 - 6 )
o r
d a ,  ** . ( 5 -1 2 )
ti. X *
R e w ritin g  e q u a tio n  5 -5  n o tin g  d x z = -  dx, ,
dG = G. dx. + G; dXii u - B-i " z
= (G, -  G, ) dx , , 
dx.  * 5, -  h  - ( 5- 13)
o r  c* 4"
i
The number -  x2/ x ,  i n  eq u a tio n . 5-12 i s  th e  s lo p e  o f  a  
l i n e  w hich i s  ta n g e n t  to  th e  cu rv e  o f  G v v s . . S im i la r ly ,  
th e  q u a n t i ty  G, -  Gj i n  e q u a tio n  5 -15  i s  th e  s lo p e  o f  a  
l i n e  w hich i s  ta n g e n t  to  th e  cu rv e  o f  G v s . x , . B oth  
l i n e s  co rre sp o n d  to  a  p a r t i c u l a r  co m p o s itio n  o f  x1 . How 
suppose x.1, = 0 .4 , x^  = 0 .6 ; x\' = 0 .8 , x!J_ = 0 .2  a r e  any  
two chosen  p o in t s ,  th e n  w ith  r e f e r e n c e  to  P ig u re s  22 and 
23, we p ro c e e d  a s  fo llo w s :
( 3 - a )  C oncern ing  F ig u re  22,
s lo p e  o f  l i n e  AB= -  x j / x f' = -  0 .6 /0 .  4 = -  3 /2
AO/BO = 3 /2
AO/AB * 3 //1 3 "
from  F ig u re  15
G(» _  G* = -  305
o r  G' = G“ -  305
G« -  G° = -  145
o r  G' = G? -  145Jm A
s lo p e  o f  l i n e  CD= -  x jy x 1] = -  0 .2 /0 .8  = -  1 /4
CO/DO = 1 /4
0 0 /CD = 1 / /1 7
from. F ig u re  15
G» _ G° ^  -  130
o r  G" = G,a -  130
G" -  G° -  -  530X x
o r  G” = g ;  -  550
AG//G10 = 3 /2
o r '  AG,1 = ( 3 / 2 )  G/Q
AO = AG,' + G('0  = (3 /2  ) GJ t  G*
~ ( 3 / 2 )  (G °- 1 4 5 ) + G(° — 305
= ( 3 / 2 )  G; + G(° -  1045/2
CG"/G"0 * 1 /4  
o r  CG" = ( 1 / 4 )  GM'O
A
ft
C
M
0
f t
P ig , 21 . G e o m e tr ic a l I n t e r p r e t a t i o n  
Used i n  th e  C a lc u la t io n  o f
oo = cg» + &"o -  ( 1 /4 )  * &"
= ( 1/ 4 ) (G^ -  5 30 ) + G° -  130 
* ( 1 / 4 )  G“ + G,0 -  1050 /4  
l i n e  AB may be w r i t t e n  a s  
Y« *  m*X' + b ' 
w here m! = -  3 /2  
w hen X’ = 0
I '  =. b.* — AO =• (3 /2  ) G* + g;  -  1045/2
th u s  Y* = ( -  3 /2  ) X* + (3 /2  ) g/  + G / -  1045/2
S im ila r ly ,  f o r  l i n e  GD
Y" -  m" X” + bM
w here mn = -  1 /4
when XM =■ 0
Y" = h" = 00 -  ( 1 / 4 )  <*/ t  G,° -  1 0 50 /4
th u s  Y" = ( -  1 / 4 )  X" +  ( 1 / 4 )  G® + Of -  105 0 /4
l i n e  AB i n t e r s e a t s  l i n e  CD a t  ff, t h e r e f o r e
a t  p o in t  H
Y1 = Y" -  Y
X« = X" = X
th e r e f o r e  ( - 3 / 2 )  X + ( 3 / 2 )  Ga° t  G(c -  1045/2
= ( - 1 / 4 )  X t  ( 1 / 4 )  G / + &; -  1 0 5 0 /4
a f t e r  a r r a n g in g  and s im p lify in g  
X = G / -  208 
=■ NO
s u b s t i t u t e  X in to  Y
I  i  MO :  ( - 1 / 4 )  Gi° + 2 0 8 /4  + ( 1 / 4 )  + G,°
-  1 0 5 0 /4  
-  G° -  421 /2  
( 3 - b )  C oncern ing  F ig u re  23,
4<f -
Uxt ~
l i n e  G*x’ may be w r i t t e n  a s  
Y* « m'X* + b.* 
w here m1 * G,1 -  G*
a t  X' = 0, Y' =: b* = G’
= x 1G1 + x'G*I I 1 1
* 0. 4 G1 + 0. 6 GJ
th u s  Y1 = (G/ -  Gz‘ ) X' + 0 .4  §* + 0 .6  GJ
s i m i l a r l y ,  f o r  l i n e  Gnxj'
Y" = m"X" + bM 
w here m" =■ G]' -  G”
a t  X" = 0, Y1' = b" = G"
= x»G» + x»Gi'
0 .8  G," +~ 0 .2  GJ 
th u s  Y" = (G(" -  G*' ) X" + 0 . 8  Gn + 0 . 2  G» 
l i n e  G'x^ i n t e r s e c t s  l i n e  Gnx'(' a t  H, th e r e f o r e  
a t  p o in t  H 
Y’ x Y11 - Y 
X* -  X" = X
0
X
P ig . 23 G e o m e tr ic a l I n t e r p r e t a t i o n
U sed i n  th e  C a lc u la t io n  o f
o r  (G/ -  gE» ) X + 0. 4 G,1 + 0. 6 G^
= (G» -  G« ) X + 0 .8  G» + 0 . 2  G"
o r  (G? -  305 -  Gz° + 1 4 5 ) X
+ 0 .4  (G° -  305 ) + 0 .6  (G / -  1 4 5 )
=  ( G(° -  130 -  <?* + 5 3 0 ) X
+ 0 .8  (G° -  1 3 0 )  + 0 .2  (G® -  5 3 0 )
a f t e r  r e a r r a n g in g  and s im p lify in g  
X = -  ( 0 .4  G® -  0 .4  G®-  l ) / 5 6 0  
X i s  e q u iv a le n t  to  x Mt i n  F ig u re  23.
( 3 - gl) P o in t  H i n  F ig u re  22 an d  p o in t  H in  F ig u re  23
a r e  e q u iv a le n t ,  T h e re fo re  t h e r e  m ust be  
a  p o in t  i n  F ig u re  22 w ith  
$ 2 ” = G® -  208 = NO 
h av in g  a  s lo p e  e q u a l to  -  x* u/ x ’ H 
From F ig u re  15 , Ĝ1" = G2 -  2-08, o r
G^1' _ GA =■ -  208 
c o rre sp o n d s  to  x j"  = 0. 57.
T h is  x j " i s  e q u iv a le n t  to  X in  ( 3 - b ) .  
T h e re fo re , -  ( 0 .4  ^  -  0 .4  G  ̂ -  l ) / 5 6 0  
= a .  57 
o r ,  Ga° -  G* = 795. 5 
( 4 )  G(° and Ga . W ith r e f e r e n c e  to  F ig u re  24 , we
r e w r i t e  in fo rm a tio n  o b ta in e d  in  ( 2 )  and (3 -c ) ..
F i r s t  ta k e  any  p o in t ,  s a y  x,, = 0..4, x A = 0..6,
we have
vt
A
P
0
3?ig. 24- G e o m e tr ic a l I n t e r p r e t a t i o n
Used i n  th e  C a lc u la t io n  o f  <r,° and
G, -  Grt = -  305 
Gz -  a2e = -  145 
G£ -  G° = 795 .5
th e  above th r e e  r e l a t i o n s  le a d  to
G, -  G = -  9 5 5 .5
Now, co n o e rn in g  P ig u re  24 ,
th e  s lo p e  o f  l i n e  AB = _ x t / x z = -  0. 4 /0 . 6
-  -  2 /3
AGk, /Ga T = 2 /3
AG-2. *- ( 2 / 3 )  Gx T = ( 2 / 3 )  G, ^ ( 2 / 3 )  (Ga -  9 5 5 .5 )  
AP/PQ = 2 /3 , o r  PQ ~ ( 3 /2  ) AP 
AP = G? P -  G0 G t  AG,J. j, X
= G°P -  (G° 0 -  Ga 0 )  «■ AGa
= &;p -  ( a ;  -  Gz ) ♦ AGZ
= &‘ P -  145 + ( 2 / 3 )  (G2 -  9 5 5 .5  )
= G“P + ( 2 / 3 )  Gz -  2346/2  
lG k/BG, = 2 /3
a l s o  TO, /BG, » G0/(G,° -  G, 0 BG° )
-  Gz / ( g;  -  G, ♦ BG,°)
= G */(305 + BGf° )
= 2 /3
r e a r r a n g in g ,  BG" = ( 3 / 2 )  Gz -  305 
G* A s G" Gj -  AGZ
= G'o -  Gi. 0. -  AGZ 
= -  Gz -  ( 2 / 3 )  (G^ -  955.-5 )
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= 145 -  ( 2 / 3 )  -  955.-5)
= -  ( 2 /3  ) 234 6 /3
S&'/BS” = 2 /3  
SO,"/BG,” * S G ,7 X (3 /2 )  G* -  305j  
= 2 /3
a f t e r  r e a r r a n g in g ,  SG(C = G  ̂ -  610/3 
Now, *  QA&/ co * QSG,° 
t h e r e f o r e ,  GXQ/G,°Q = AG//SG,0
- ( 2 / 3 )  G2 + 2346/3  
Gz -  610 /3
a l s o  d G ° 0 G ° ^  ^G^PQ 
th e r e f o r e ,  G°0/G"P * G-*G,V^Q 
o r  G^/GfP -  (Ga°Q + QG,°) /Gx#Q 
^ 1 + G*Q/Gx°Q 
= 1 + (Gi -  6 1 0 /3 )  / ( ( -  2 /3 )  G, + 2 3 4 6 /3 J 
= (Gz + 1 7 3 6 ) /  ( -  2GZ + 2346) 
th u s ,
G > =  (S 2 + 1 4 5 ) ( -  2Ga + 2 3 4 6 ) /  ( ^  + 1736) 
now, G°0/G°0 = G-°P/PQ
= &‘P / ( (  3 /2  ) APj
o r ,
s i / s ’ = G°b/[(. 3 /2 )  ( e 'p  + ( 2 / 3 )  -  2346 /2  )J
o r , (G* + 1 4 5 ) /  (G* + 200)
(<?2. + 1 4 5 ) ( -  2Ga + 2 3 4 6 )  /  (Gz + 1756)________
(3 /2 ) [ (G 1 + i4 5 ) ( -2 a 2 + 2346)/(G t + 1756 ) + ( 2 / 3 )  ®4 -  2346 /3J 
r e a r r a n g in g ,  ( 5 /2  ) (G2 + 1 4 5  X-2G£ + 2-346 )
t  (2Gz/ 3  - 2 3 4 6 /3 XG* + 1 736) (<3  ̂+ 1 4 5 )
-  (G t + 2 0 0 )(Gz + 1 4 5 )(-2 G i + 2346 )
=  0
and f i n a l l y  a f t e r  s im p lify in g ,
(G* + 1 4 5 ) ( -  2Gt  + 2346) ( -  1 7 0 1 ) - 0  
th e r e f o r e ,  -  145, o r  Ĝ  = 1173
we r e  j  e e t  th e  n e g a t iv e  Gt , 
th u s  Grj. = 1173 
th e n  G“ = Gz + 145 
= 1318 
g ;  = G/ -  795.5  
= 1318 -  795.5  
= 552., 5 
Gi = G / -  305 
= 522 .5  -  305 
-  2 1 7 .5
G( and Ĝ  c o rre sp o n d  to  p o in t  x , = 0. 4, x ^ = 0. 6 
o f  th e  c u rv e , ^ g v s . x f ( s e e  F ig u re  1 5 ) .
In  th e  fo re g o in g , th e  c o n d i t io n  o f  c o n s ta n t  tem­
p e r a tu r e  an d  p r e s s u r e  i s  im posed to  d e r iv e  th e  G ibbs Duhem 
e q u a tio n . T h is  i s  j u s t i f i e d  s in c e  th e  v ap o r p r e s s u r e
d a ta  a r e  a lw ay s o b ta in e d  u n d er c o n s ta n t  te m p e ra tu re  and 
p r e s s u r e  c o n d itio n .. The r e s u l t  shows a t  2o°C and 1 atm .., 
th e  m o la r G ibbs f r e e  en e rg y  i s  1318 c a l/g -m o le  f o r  w a te r
and 522 .5  c a l /g -m o le  f o r  e th y l  a lc o h o l .
By th e  same p ro c e d u re , from  system  o f  a c e to n e -w a te r  
b in a ry  a t  30°C and 1 a tm ., th e  m o la r G ibbs f r e e  en e rg y  
i s  1031 c a l/g -m o le  f o r  w a te r  and 260 c a l/g -m o le  f o r  a c e to n e . 
Comparing ( )io„t )afw = 1318 c a l/g -m o le  and
(<^°o ) j ooc Jatw =  1051 c a l /^ -m o le ,  we im m ed ia te ly  se e  th e
r e s u l t s  a r e  i n  good ag reem en t. I t  may be n o te d  t h a t  th e  
m o la r G ibbs f r e e  en e rg y  u s u a l ly  d e c re a s e s  a s  th e  tem pera­
t u r e  in c re a s e s *  The v ap o r p r e s s u r e  d a ta  on. a c e to n e -w a te r  
b in a ry  a r e  n o t v e r y  s a t i s f a c t o r y  a s  we can  s e e  from  F ig u re  
21 t h a t  th e  p o in t s  on t h e ^ s .  x p l o t  a r e  w id e ly  s c a t t e r e d .  
D e s p ite  o f  t h i s ,  th e  m ethod d ev e lo p ed  s t i l l  g iv e s  v e ry  
s a t i s f a c t o r y  r e s u l t s .
E nergy  F u n c tio n s . The p r o p e r t i e s  G (G ib b s f r e e  
e n e rg y ) , U ( i n t e r n a l  e n e rg y ) , H ( e n th a lp y ) ,  and A (H e lm h o ltz  
f r e e  en e rg y  o r  t o t a l  w ork ) a r e  o f te n  d e s ig n a te d  a s  en e rg y  
p r o p e r t i e s .  U nder c e r t a i n  c o n d i t io n s  o f  r e s t r a i n t ,  changes 
in  th e s e  p r o p e r t i e s  r e p r e s e n t  u s e f u l  w orks. T hese f u n c t io n  
may a l s o  b e  r e f e r r e d  to  a s  therm odynam ic p o t e n t i a l s  and 
a r e  u s e f u l  f o r  d e s c r ib in g  e q u i l ib r iu m  phenomena u n d er 
d i f f e r e n t  c o n d i t io n s .  F o r exam ple, a t  c o n s ta n t  volume
and tem perature th e  c r i t e r io n  fo r  an eq u ilib riu m  p r o c e ss  i s
^  A =■ 0
S im i la r ly ,  f o r  e q u i l ib r iu m  a t .  c o n s ta n t  S, P,
*  H =  0
F o r e q u i l ib r iu m  a t  c o n s ta n t  V, S, 
a U = 0
And a s  u s u a l ,  f o r  e q u i l ib r iu m .a t  c o n s ta n t  T ,P ,
A Gr — 0 .
F u rth e rm o re , f o r  nonflow  p ro c e s s e s  we may w r i te :  
a t  c o n s ta n t  volum e, A D = Q -  
a t  c o n s ta n t  p r e s s u r e ,  a h•> Q _ 
f o r  is o th e rm a l r e v e r s i b l e  p r o c e s s ,  * A= -  -  We
f o r  is o th e rm a l r e v e r s i b l e  p r o c e s s  a q. = -  Wf
We i s  th e  work o f  e x p a n s io n  done by  th e  sy stem  and i s  
th e  u s e f u l  work n o t  in c lu d in g  Wg. Com paring A U, * H, a A,
and we im m ed ia te ly  f in d  t h a t  -*A accom panying a  r e ­
v e r s i b l e  p r o c e s s  a t  c o n s ta n t  te m p e ra tu re  r e p r e s e n t s  th e  
maximum, t o t a l  work, a v a i l a b l e  from  th e  system . T h is  i s  
o f te n  m easured  by  o p e ra t in g  a . r e v e r s i b l e  ch em ica l c e l l ,  
su c h  a s  a  g a lv a n ic  c e l l  w here ch em ica l en e rg y  i s  c o n v e rte d  
in to  e l e c t r i c a l  en e rg y  by  means o f  a  c o n t r o l l e d  chem ica l 
r e a c t io n . ,
The T h ird  law  o f  Therm odynam ics., An im p o r ta n t 
therm odynam ic p r o p e r ty  term ed  e n tro p y  i s  an  i n t r i n s i c
p r o p e r ty  o f  m a t te r  so  d e f in e d  t h a t  an  in c r e a s e  i n  e n tro p y  
q u a n t i t a t i v e l y  m easu res  an  in c r e a s e  i n  th e  u n a v a i l a b i l i t y  
o f  th e  t o t a l  en e rg y  o f  a  system* The Second Law o f  
Thermodynam ics p o s t u l a t e  th e  e x is te n c e  o f  a n  e n tro p y  fu n c ­
tion*. I n  th e  T h ird  Law th e  b e h a v io r  o f  e n tro p y  i s  d i s ­
cussed* The e n tro p y  o f  a  system , may a r i s e  i n  s e v e r a l  
d i f f e r e n t  ways and ea c h  i s  te rm ed  a s  an. " a s p e c t  o f  th e  
system "* The fo llo w in g  in c lu d e s  some examples
( 1 )  The e n tro p y  o f  a  su b s ta n c e  in c r e a s e s  w ith  
in c re a s in g , te m p e ra tu re  and volum e. S in ce  e n tro p y  i s  a  
m easure o f  u n a v a i l a b i l i t y  o f  i n t e r n a l  en e rg y , th e  am ount 
o f  work i s  L ess  a v a i l a b l e  a t  a  h ig h e r  te m p e ra tu re  th a n
a  lo w er te m p e ra tu re .. T h is  may be se en  from  th e  f a c t  t h a t  
a t  h ig h e r  te m p e ra tu re s  th e r e  i s  m ore en e rg y  to  be  shared^  
more l e v e l s  a r e  a c c e s s ib le  to  each  p a r t i c l e  c a u s in g  g r e a t e r  
com plexions*. Thus more en e rg y  i s  "bound up" i n t e r n a l l y  
c a u s in g  d e c re a s e  i n  th e  a v a i l a b i l i t y  o f  u s e f u l  work*. 
T h e re fo re  te m p e ra tu re  i s  an  " a s p e c t"  o f  th e  system .,
( 2 )  The e n tro p y  o f  sp in , system . The atom s o f  
p a ra m a g n e tic  m a te r ia l  h av e  m ag n e tic  moments. These moments 
a r e  in  a random o r i e n t a t i o n  in  th e  ab sen ce  o f  a  m a g n e tic  
f i e l d .  When in  th e  p re s e n c e  o f  a  f i e l d ,  th e  m ag n e tic  
moments te n d  to  a l i g n  th e m se lv e s  d e s p i t e  th e  d is o r d e r in g  
e f f e c t  o f  th e  th e rm a l m otion . The r e s u l t  i s  to  p ro d u ce
a  g r e a t e r  d e g re e  o f  o rd e r  and  th u s  th e  e n tro p y  o f  th e  
system , i s  d e c re a se d .
( 3 )  The e n tro p y  o f  m o le c u la r  m o tio n s . The e n tro p y  
may a l s o  a r i s e  from, th e  t r a n s l a t i o n a l ,  v i b r a t i o n a l ,  and 
r o t a t i o n a l  m o tions o f  m o le c u le s , and  from  m o le c u la r  
d i s t r i b u t i o n ,  among d i f f e r e n t  e l e c t r o n i c  l e v e l s .
( 4 )  The e n tro p y  o f  m ix in g . F o r an  i d e a l  s o lu t io n ,  
th e  e n tro p y  o f  m ix ing  i s
a S : - i ^ E l a ^
F or a  n o n - id e a l  s o lu t io n ,  th e  e n tro p y  o f  m ix ing  m ust be  
o b ta in e d  i n d i r e c t l y  from, d a ta  on a c t i v i t y  c o e f f i c i e n t s  
and h e a ts  o f  m ix ing  u s in g  th e  e q u a tio n
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The T h ird  Law s t a t e s  t h a t  11 th e  c o n t r ib u t io n  to  th e  
e n tro p y  o f  a  system , by  each  a s p e c t  w hich i s  i n  i n t e r n a l  
therm odynam ic e q u il ib r iu m , te n d s  to  a e ro  a t  a b s o lu te  z e ro '1.. 
From, t h i s  s ta te m e n t,  a  g e n e r a l i z a t i o n  can be made th a t ,  th e  
s p e c i f i c  h e a t s  o f  a l l  s u b s ta n c e s  ap p ro ach  ze ro  a t  th e  
a b s o lu te  z e ro  o f  te m p e ra tu re . T h is  a l s o  i s  a  w e l l  known 
e x p e r im e n ta l f a c t .  An im p o r ta n t  consequence i s  th e  u se  
o f  a b s o lu te  ze ro  a s  a  r e f e r e n c e  s t a t e  f o r  a l l  therm ody­
nam ic c a lc u l a t i o n s .
The U n a t t a i n a b i l i t y  o f  A b so lu te  Z ero28 . N e rn s t
f i r s t  p o in te d  o u t t h a t  th e  T h ird  Law im p l ie s  t h a t  i t  i s
im p o s s ib le  to  c o o l an y  system, down to  a b s o lu te  z e ro  i n  a
f i n i t e  number o f  p r o c e s s e s .  A m ost common m ethod o f
p ro d u c in g  low te m p e ra tu re  i s  th e  l i q u e f a c t i o n  and
e v a p o ra t io n  o f  g a s e s . I t  i s  p o s s ib le  to  r e a c h  a
te m p e ra tu re  o f  a b o u t 0 .3 5 °K in  t h i s  way u s in g  l i q u i d  % e
w hich  h as  t h e  lo w e s t b o i l i n g  p o in t  o f  a l l  l i q u i d s .  A
fa v o ra b le  sy stem  to  ap p ro ach  c lo s e ly  to  th e  a b s o lu te  ze ro
i s  one i n  w hich  th e  e n tro p y  i s  s t i l l  a p p r e c ia b le  a t  v e ry
low te m p e ra tu re s  w ith o u t any  te n d en cy  o f  " f r o z e n - in " .
An im p o r ta n t exam ple o f  su ch  system , i s  one whose n u c l e i
have s p in  and  m agnetic , moment e x h ib i t in g  a  n u c le a r
param agnetism  s i m i l a r  in  n a tu re  to  th e  param agnetism
a r i s i n g  from  th e  e l e c t r o n  sp in . I t  i s  s a id  t h a t  by
c a r ry in g  o u t a « a d ia b a tic ;  d e m a g n e tiz a tio n  (m ag n e tic  c o o l in g )
o f  a  n u c le a r  p a ra m a g n e tic  m a te r ia l  such  a s  a  specim en
—6o f  co p p e r, a  te m p e ra tu re  o f  2x10 °IC h a s  b e e n  o b ta in e d .
A t t h i s  low  te m p e ra tu re , th e  f o r c e s  o f  i n t e r a c t i o n  betw een  
th e  n u c le a r  moments become a p p r e c ia b le  to  ca u se  a lig n m e n t 
o f  th e  n u c le i  hence th e  i n a b i l i t y  o f  f u r t h e r  co o lin g ..
28. W ilks, J .  The T h ird  Law o f  Therm odynam ics. 
London: O xford U n iv e r s i ty  P re s s ,  19 61.,
I t  i s  i n t e r e s t i n g  to  im ag in e  t h a t  th e  d i f f e r e n c e  betw een
• I  wm£k
10 K and lcT  °K i s  somewhat s im i la r  to  t h a t  betw een  
106 *K and 1 0 %
A b so lu te  V alues o f  E nergy F u n c tio n s . From th e  
co n c ep t o f  th e  T h ird  Law, we may p o in t  o u t two im p o r ta n t 
c o r o l l a r i e s  w hich may be com bined w ith  th e  co n cep t o f  
m o la r G-ibbs f r e e  en e rg y  to  c a l c u l a t e  o th e r  en e rg y  p ro ­
p e r t i e s .  F i r s t ,  s in c e  f o r  m ost s u b s ta n c e s  th e  e n tro p y
29v a n is h e s  a t  a b s o lu te  z e ro  , th e  e n tro p y  o f  a  su b s ta n c e
297 tfhe e n t r o p ie s  o f  some m a te r i a l s  (e ..g . g ly c e r o l ,  
ic e .)  do n o t  v a n is h  n e a r  a b s o lu te  z e ro . However, t h i s  
does n o t  v i o l a t e  th e  T h ird  Law. B ecause th e  v i s c o s i t i e s  
o f  th e s e  m a te r i a l s  a t  t h e i r  t r a n s i t i o n  te m p e ra tu re s  ( t h e  
te m p e ra tu re s  a t  w h ich  l i q u i d s  change in to  s o l i d s ) have 
become so h ig h  t h a t  th e y  ca n n o t change t h e i r  c o n f ig u r a t io n  
in  any  re a s o n a b le  tim e . Thus th e  s p a t i a l  c o n f ig u r a t io n  
i s  " f ro z e n - in "  a s  may be o b se rv ed  by X -ray  s tu d i e s .  
T h e re fo re  th e  m easurem ents made i n  th e  norm al way f o r  
s p e c i f i c  h e a t s  do n o t  r e f l e c t  th e  a c t u a l  s i t u a t i o n .
T h is  a l s o  im p l ie s  t h a t  th e  a s p e c t s  o f  e n tro p y  f o r  th e s e  
m a te r i a l s  a r e  n o t  i n  therm odynam ic e q u i l ib r iu m , hence  th e  
T h ird  Law can n o t  be a p p lie d ..
a t  o th e r  te m p e ra tu re s  may be c a lc u la te d  by  in t e g r a t i n g  
th e  r i g h t  hand s id e  o f  e q u a tio n
T
u n a t ta in a b le ,  th e  m o la r G-ibbs f r e e  en e rg y  c a lc u la te d  by  
th e  m ethod d ev e lo p ed  in  t h i s  c h a p te r  i s  c o m p a tib le  w ith  
th e  m o la r e n tro p y  l i s t e d  i n  th e  l i t e r a t u r e .  T h e re fo re  
th e s e  two q u a n t i t i e s  may b e  u t i l i z t e d  i n  e x a c t therm odynam ic 
r e l a t i o n s  to  d e r iv e  o th e r  en e rg y  p r o p e r t i e s , .  The fo llo w in g  
c a lc u l a t i o n  i s  b a sed  on 1 g -m ole o f  w a te r  a t  2o°C and 1 atm ,
( 1 )  E n th a lp y .
Jo l Wagman, D. D. S e le c te d  V a lu es  o f  Ch em ica l 
Thermodynamic P r o p e r t i e s . N a tio n a l B ureau  o f  S ta n d a rd s , 
J u ly ,  1953.
31. K e lle y , K. K. " The E n tro p ie s  o f  In o rg a n ic  
S u b s ta n c e s . 11 U. S. B ur. M ines B u l l ... 434 (1 9 4 1 )
32 . R o s s in i ,  P.D. " S e le c te d  V alu es o f  P r o p e r t i e s  
o f  H ydrocarbons and R e la te d  Compounds", Am. P e t r o l . In s t . ,  
R esea rch  P ro .j. . 44, d u ly  1 , 1953.
N um erical v a lu e s  o f  S ' s  have been  m easured  and
V *
t a b u l a t e d ^ S e c o n d l y ,  s in c e  a b s o lu te  a e ro  i s
T = 273 .16  + 20 = 293 .16  °K 
zo’c, =  1518 Gal/s -m o le
5 h/ , w ' c ~  16 .716  <sal/(g -m ole ) (°K )
from. Steam T a b le -^ ,
_ O o
5 S
Mi 0 ,  i f ®  c  H j . o , i o uc
=. 0. 0876 -  0.-0708
=  0. 0068 B tu /(  °F ) ( I t  )
= 0.P068 (252.) ( 1 .8 )  ( 1 8 )  /  453. 6
= 0 .1224 e a l / (  g -m ole )( °K )
T h e re fo re , 5° = 16 .716  -  0.1224
nu»,zflBc
= 16.-5936 e a l / ( g - m o le )  (°K )
Now, a  = H -  TS 
o r ,  H = G- + TS
=  1318 + (2 9 3 .1 6  ) (1 6 .5 9 3 6 )
=• 4865 c a l/g -m o le
From I n t e r n a t i o n a l  C r i t i c a l  T a b l e ^
-  H "
= -2 6 9 ,3 0 0  -  ( -  2 8 2 ,6 0 0 )
= 1 3 ,3 0 0  jo u le s /g -m o le  
= 3180 c a l/g -m o le  
From. Steam T a b l e ^
, 0  ^  o
1 ^ , 2 - 9  8 . 1 v  *'1*0 , 11 1 . | V
= ' 45. 02 -  36. 04
-  8 .9 8  B t u / l t  = 8 9 .8  c a l/g -m o le
33. Keenan, J .H . and P.G-. k ey e s . Thermodynamic. 
P r o p e r t i e s  o f  Steam. New Yorks Jo h n  W iley , 1936..
34. See f o o tn o te  27..
t h e r e f o r e ,  <,.K
= 318.0 -  8 9 .8  
= 309 0 .2  c a l /g -m o le  
Comparing. -  4865 c a l/g -m o le
w ith  hJ  , o -  H0 .-3 0 9 0 .2  c a l/g -m o le
Hi.0 i io  C *V> O
we s e e  t h a t  t h e r e  i s  a  d i f f e r e n c e  o f
A = 4865 -  3090..2 =• 1 7 7 4 .8  c a l/g -m o le
The above c a l c u l a t i o n  shows t h a t  th e  m o la r e n th a lp y  o f
p u re  w a te r  a t  a b s o lu te  ze ro  te m p e ra tu re  i s  n o t  zero ..
Ib r th e rm o re , a t  a b s o lu te  z e ro , G = H - A = U .  T h e re fo re  
i t  may be p o s tu l a te d  th e  en e rg y  p r o p e r t i e s  do n o t  v a n is h  
a t  a b s o lu te  z e ro .
(2.) I n t e r n a l  Energy.
By d e f i n i t i o n ,  H -  E + PY 
o r ,  E -  H -  PY
= °"°708 ft5/ lb 
£ ” =  4365-( 14. 7 X 144 X 0.. 0708 X 1 8 ) / ( ( 3 .  088 )
nifi , to t,
(4 5 3 .6 ) )
= 4865 -  1.-93 
= 4863 c a l/g -m o le
( 3 )  T o ta l  Work..
By d e f i n i t i o n ,  A -  E -  TS 
=  4863 -  3547 
=  1316 c a l/g -m o le
The 11 F o u rth ” Law o f  Therm odynam ics, The Z e ro th , 
F i r s t ,  Second, and T h ird  law s o f  therm odynam ics a r e  m athe­
m a t ic a l  fo rm u la t io n s  b a se d  on p a s t  e x p e r ie n c e s  e i t h e r  from- 
e x p e rim e n ta l r e s u l t s  o r  th ro u g h  o b s e rv a t io n s  in  n a tu r e .
J u s t  a s  i s  th e  case, w ith  N ew ton 's  fo rm u la t io n  o f  th r e e  
law s in  m o tio n , th e s e  law s can n e v e r  be p roved  m athem ati­
c a l l y ,  A c tu a l ly  o th e r  r u l e s ,  t h e o r i e s ,  o r  e q u a tio n s  a r e  
deduced fro m  th e s e  la w s .
The F i r s t  Law i s  a  law  in  c o n s e rv a tio n , o f  energy,.
The Second Law e x p la in s  th e  e x is te n c e  o f  an  e n tro p y . The 
T h ird  Law d is c u s s e s  th e  b e h a v io r  o f  en tropy ., A t t h i s  p o in t  
i t  seems n a t u r a l  to  in q u i r e  a . f o r m u la t io n  o f  th e  " F ourth" 
Law to  s tu d y  th e  "b e h a v io r"  o f  en e rg y  f u n c t io n s ,  where 
th e s e  en e rg y  f u n c t io n s  a r e  th e  b a s i s  i n  fo rm u la tin g  th e  
F i r s t  Law. T h is  F o u rth  Law c a n  n o t  be  d e r iv e d  m athem ati­
c a l l y .  I t  sh o u ld  be b ased  on p a s t  e x p e r ie n c e . Thus f a r  
we have seen  t h a t  n e a r  a b s o lu te  z e ro , th e  energy  f u n c t io n s  
do n o t  v a n is h . I t  co u ld  he s a id  t h a t ,  "The en e rg y  c o n te n t 
o f  a  system , w hich i s  i n  i n t e r n a l  therm odynam ic e q u i l ib r iu m  
i s  g overned  by  a  c e r t a i n  p a r t i t i o n ,  f u n c t io n  and does n o t  
v a n is h  a t  a b s o lu te  z e ro " .
CHAPTER VI
DISCUSSIONS, CONCLUSIONS, AND RECOMMENDATIONS
D is c u s s io n .
35( 1 )  A cco rd ing  to  Ilougen, W atson, and R ag a tz , th e r e  
a r e  f o u r  g ro u p s  o f  therm odynam ic p r o p e r t i e s  : r e f e r e n c e  p ro ­
p e r t i e s  ( te m p e ra tu re ,  p r e s s u r e ,  volum e, e n tro p y , com posi­
t i o n ) ,  en e rg y  p r o p e r t i e s  ( i n t e r n a l  en e rg y , G ibbs f r e e  en e rg y , 
e n th a lp y , H elm holtz  f r e e  e n e rg y ) , d e r iv e d  p r o p e r t i e s  ( s p e c i ­
f i c  h e a t ,  c o e f f i c i e n t  o f  esqpansion, c o e f f i c i e n t  o f  com­
p r e s s i b i l i t y ,  Joule-T hom pson c o e f f i c i e n t ) ,  and p a th  p ro ­
p e r t i e s  (w ork , h e a t ) .  Those i n  th e  l a s t  g roup a r e  p ro p e r ­
t i e s  o f  a  p ro c e s s  r a t h e r  th a n  a  system . A ll  th e  p r o p e r t i e s  
e x c e p t en e rg y  p r o p e r t i e s  have a b s o lu te  v a lu e s .  E nergy 
p r o p e r t i e s  a r e  u s u a l ly  known o n ly  r e l a t i v e  to  some a r b i t r a r y  
r e f e r e n c e  s t a t e .  In  th e  p re v io u s  c h a p te r  we have seen  t h a t  
th e  en e rg y  p r o p e r t i e s  a l s o  have  a b s o lu te  v a lu e s .  I t  may be 
t h a t  th e s e  p r o p e r t i e s  can be u s e f u l  in  c o r r e l a t i n g  t r a n s p o r t  
p r o p e r t i e s .
( 2 )  The c a lo r im e te r  d ev e lo p ed  in  t h i s  work w hich was 
u se d  to  m easure th e  h e a t-o f -m ix in g  was u n iq u e  in  i t s  d e s ig n , 
c o n s t r u c t io n ,  and o p e ra t in g  p r i n c i p l e s .  U n lik e  many o th e r  
c a lo r im e te r s ,  th e  p r e s e n t  c a lo r im e te r  d id  n o t  r e q u i r e
35. Hougen, 0. A ., K. M. Watson and R. A. R agatz . 
Chem ical P ro c e s s  P r i n c i p l e s . P a r t  I I .  New Yorks John  
W iley, 1959, p . 528.
118
a d i a b a t i c  c o n d i t io n s  to  a v o id  h e a t  l o s s e s .  A m odera te  h e a t  
t r a n s f e r  r a t e  was em ployed in  o rd e r  to  r e c o rd  therm ogram s. 
The v a r io u s  so u rc e s  o f  h e a t  e f f e c t s  w ere in c lu d e d  a s  th e  
a r e a  u n d e r th e  cu rve  o f  a  therm ogram . The o n ly  c o n d i t io n  
r e q u ir e d  f o r  a c c u ra c y  was t h a t  th e  therm ogram s c o rre sp o n d in g  
to  h e a t-o f -m ix in g  and en e rg y  in t r o d u c t io n  had  to  b e  i d e n t i ­
c a l .  T h is  was o b ta in e d  e i t h e r  by a d ju s t in g  th e  r a t e  o f  
in t r o d u c t io n  o f  th e  second  com ponent d u r in g  m ix ing  o r  by 
c o n t r o l l i n g  th e  flow  o f  c u r r e n t .  The c a lo r im e te r  i n t e r n a l s  
w ere m in ia tu r iz e d  th u s  g iv in g  a  g r e a t e r  space  f o r  r e a g e n ts ;  
and  m ost im p o r ta n t  o f  a l l  th e  u n c e r t a in  h e a t  e f f e c t s  v/ere 
red u ced  by  a v o id in g  b u lk y  p a r t s  h av in g  a p p r e c ia b le  h e a t  
c a p a c i t i e s .  The i n s e r t i o n  o f  a  53 ju n c t io n s  th e rm o p ile  in  
th e  c a lo r im e te r  was an im p o r ta n t f e a t u r e  o f  th e  d e s ig n .
T h is  gave an  e x tre m e ly  s e n s i t i v e ,  f a s t  re sp o n se  o f  th e  
te m p e ra tu re s . A lso th e  area* o f  th e  therm ogram s w ere more 
th a n  l a r g e  enough so t h a t  th e y  co u ld  be c u t  o f f  and  w eighed. 
An a l t e r n a t e  method to  d e te rm in e  th e  a r e a s  was to  u s e  a  
p la n im e te r .  The e n t i r e  a ssem b ly  o f  c a lo r im e te r  c e l l  was 
f i rm ly  a t ta c h e d  w ith in  a  c o m p le te ly  c lo s e d  is o th e rm a l  b a th  
th u s  made i t  f r e e  from  d u s t  o r  any  p o s s ib le  a c c id e n ta l  
damage. D ata  o b ta in e d  w ere w i th in  5?° d e v ia t io n  from  com­
p a r is o n  w ith  a v a i l a b l e  l i t e r a t u r e  v a lu e s .
( 3 )  The m ethod o f  i n t e r c e p t s  o f  ta n g e n t  l i n e  was 
u se d  in  C h ap te r  V to  o b ta in  th e  q u a n t i t i e s  (G^ -  Gj. )* s.
However t h i s  m ethod sh o u ld  be u sed  c a r e f u l ly .  F o r exam ple 
i t  i s  n o t  a p p l ic a b le  to  ( % -  H ^ ) 's .  We may f in d  th e  r e a ­
son  a s  fo llo w  5 From F u l e r 's  theorm
H -  x, Hj + x lH2 . ( 6-1  )
By t o t a l  d i f f e r e n t i a t i o n
dH = x ,dH | + x i dHi  + H ,dx , + Hz d x z . ( 6-2  )
From d e f i n i t i o n
H ”  H ( s , P, x t; x z ) . ( 6-3  )
By t o t a l  d i f f e r e n t i a t i o n
S u b s t r a c t in g  e q u a tio n  6 -4  from  e q u a tio n  6-2  and assum ing
c o n s ta n t  te m p e ra tu re  and p r e s s u r e  ( t h i s  i s  b ecau se  th e
h e a ts -o f -m ix in g  w ere m easured  a t  c o n s ta n t  0?, P ) i t  y ie ld s  
O =  <ri  t +; cldri l + *i dH1 ~ T d s - l ' ' d p
= 7  + ^ d H * . - T d 5 ( )
c l e a r l y ,  x,<3H,+ X id H ^  0 ( 6 -6  )
UJherefore th e r e  i s  no G-ibbs Duhem ty p e  e q u a tio n  f o r  th e  
e n th a lp y  fu n t io n .  F or t h i s  re a s o n  th e  m ethod o f  ta n g e n t  
i n t e r c e p t s  f a i l s .  However, t h i s  does n o t  mean th e  (H i-H i) ’ s 
a r e  n o t  c a lc u la b le .  S in ce  e n tro p y  i s  a  r e f e r e n c e  p ro p e r ty ,  
we may d e f in e  S = S (T, P, x , , x z ) w ith o u t  a l t e r i n g  th e
d e f i n i t i o n  o f  ch em ica l p o t e n t i a l s .  I n  t h i s  way th e  G ibbs 
Duhem ty p e  e q u a tio n  f o r  e n tro p y  e x i s t s ,  th u s  (Sj_ -  S? )• s 
may h e  o b ta in e d  by  th e  method o f  ta n g e n t  i n t e r c e p t s .  T h is  
i s  a l s o  t r u e  f o r  th e  r e f e r e n c e  p ro p e r ty -v o lu m e . Then 
(H.^ -  Hj* )• s  a r e  c a lc u la te d  by
Hi -  Hi = 5± -  T ( S i  -  S i ) -  ( 6 -7  )
C o n c lu s io n s . F o r a  com plete  s tu d y  o f  th e  therm o­
dynam ic p r o p e r t i e s  o f  a  s o lu t io n ,  i t  r e q u i r e s  to  combine th e  
v a p o r  p r e s s u r e  ( e q u i l i b r iu m )  m easurem ents w ith  c a lo r im e t r i c  
m easurem ents. In  a d d i t io n ,  v o lu m e tr ic  m easurem ents a r e  
a l s o  n eed ed . From th e s e  l a b o r a to r y  e x p e rim en ts  th e  e n t i r e  
therm odynam ic p r o p e r t i e s  o f  a  system  may b e  e x p re s se d  in  
n u m e ric a l q u a n t i t i e s .  At p r e s e n t  th e  q u a n t i ty  T4S rem ain  
u n m easu rab le  by  d i r e c t  m eans, i t  i s  o b ta in e d  a s  th e  d i f ­
f e r e n c e  betw een *H a n d 4G. These a r e  o f  s i g n i f i c a n t  im por­
ta n c e  i n  i n d u s t r i a l  a p p l i c a t io n s  f o r  we know many e q u i l ib r iu m  
s ta g e s  in v o lv e  l i q u i d  m ix tu re s . F o r exam ple, i n  th e  gas 
in d u s t r y ,  n a t u r a l  g a s  i s  p ro c e s s e d  in  g a s  p l a n t s  b e fo re  
t r a n s p o r t in g  in to  p i p e l i n e s  f o r  d o m e stic  u s e s . T here t r a c e s  
o f  v a lu a b le  c h em ic a ls  a r e  re c o v e re d  and th e  p r o f i t s  in v o lv e  
m u tim il l io n  d o l l a r s .  They u t i l i z e  m u l t i s ta g e s  o f  huge 
co m p resso rs  w here th e  d e s ig n  r e q u i r e s  v e r y  a c c u r a te  therm o­
dynam ic a n a ly s i s .  As we have seen  i n  th e  p re v io u s  c h a p te r ,  
th e  therm odynam ic f u n c t io n s  o f  a  system  a r e  r e l a t e d  by
r ig o ro u s  m a th e m a tic a l e q u a tio n s . T h e re fo re  i f  a  s e t  o f  
r e a s o n a b ly  a c c u ra te  e x p e rim e n ta l d a ta  a r e  a v a i l a b le ,  th e  
therm odynam ic a n a ly s i s  o f  a  p ro c e s s  sh o u ld  g iv e  v a lu a b le  
in fo rm a tio n  f o r  i n d u s t r i a l  d e s ig n  c a lc u l a t i o n s .
Recom m endations.
( 1 )  The c a lo r im e te r  u sed  to  m easure h e a ts  o f  m ix ing  
may be m o d if ie d  to  ex ten d  th e  te m p e ra tu re  ra n g e . A t h ig h e r  
te m p e ra tu re s  th e  r e a g e n ts  m ust be u n d e r p r e s s u r e  i n  o rd e r  
to  m a in ta in  th e  l i q u i d  p h ase . T h e re fo re  th e  c a lo r im e te r  
m ust be p r e s s u r e  r e s i s t a n t  w ith o u t an y  le a k a g e . The d a ta  
ta k e n  a r e  u s e f u l  to  c o n v e r t a c t i v i t y  c o e f f i c i e n t s  m easured 
a t  room te m p e ra tu re  i n to  th o s e  a t  h ig h e r  te m p e ra tu re s .
The e f f e c t  o f  p r e s s u r e  on a c t i v i t y  c o e f f i c i e n t s  may a l s o  be 
in c lu d e d  u s in g  d a ta  from  v o lu m e tr ic  m easurem ents (m a in ly  
AV' s ) .
( 2 )  S in c e  a l l  th e  therm odynam ic p r o p e r t i e s  have 
a b s o lu te  v a lu e s ,  th e y  may be u s e f u l  a s  c o r r e l a t i o n  p a r a ­
m e te rs  in  many t r a n s p o r t  p r o p e r t i e s .  T h is  p ro b a b ly  w i l l  be 
im p o r ta n t f o r  p r e d i c t i n g  t r a n s p o r t  p r o p e r t i e s  o f  m ix tu re s  
u s in g  o n ly  th e  p r o p e r t i e s  o f  p u re  com ponents.
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